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ABSTRACT 


The problem on which this thesis was based was the 
investigation of the mechanisms of swelling in a highly 
plastic clay soil. The basic cause of swelling of a clay 
mass was investigated by considering the various postulates 
set forth in the literature to explain the mechanisms of 
Swelling. For engineering purposes it is convenient to 


study swelling behaviour at various moisture contents. 


The particular clay soil used was Lake #dmonton 
clay treated to produce sodium and calcium modifications. 
The samples were prepared at initial moisture contents 
approximating the liquid limit and then desiccated to 
moisture contents of approximately 50%, 30%, 22%, 16% and 
1%. The no-volume-change pressure was measured in the 
one dimensional consolidometer using immersing solutions 
of various concentrations. In addition one test on the 
clay was performed using varsol as the immersing solution 


and two tests were run on pulverized sand samples. 


It is postulated that osmosis between the adsorbed 
water and the pore solution is the major contributor to 
the soil swelling for initial moisture contents ranging 
from slightly below to considerably above the plastic 


limit. In this range of moisture contents the capillary 
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effect, elastic restitution of the soil particles and 
Osmosis between the soil mass and external solution were 
found to contribute to swelling to a minor degree. Below 
the shrinkage limit particle hydration would induce swell- 


ing pressures only if the clay were in a saturated state. 


During the testing program it appeared that the 
rate of loading and degree of consolidation influenced the 
swelling behaviour of the soil. It is therefore recom- 
mended that a study of stress history on swelling behaviour 


be considered as a logical continuation of this work. 
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GLOSSARY OF TERMS AND SYMBOLS 


TRRMS 


Adsorbed Water: water in a soil mass, held by physico- 
chemical forces, having physical prop- 
erties substantially different from 
ordinary water, at the same temperature 
and pressure. 


Cation Exchange Capacity: The quantity of cations that 
can be adsorbed and exchanged by a clay. 
It is considered to be a characteristic 
constant for a soil and is measured in 
milligram-enjuivalents or milliequivalents 
of cation per 100 grams of dry soil. 


Desiccation: The phenomenon of moisture loss from a 
soil due to atmospheric conditions. 


Evapo-transpiration: The combined effect of evaporation 
and transpiration. 


Homionic Soil: A soil with only one type of cation 
adsorbed on its surfaces. 


me/100 gms. a.d.S.: Milliequivalents per 100 grams of air 
dried soil. A milliequivalent is the 
amount of a reagent required to combine 
and react with 1/1000th of an atomic weight 
of hydrogen. 


Potential: Refers to electric potential. The equilibrium 
potential state refers to the condition 
when the electric potential of the clay 
micelle is in equilibrium with the external 
conditions. 


Total Exchange Capacity: The total quantity of cations in 
me/lOO gms. a.d.S. as determined by the 
flame photometer and includes both those 
cations adsorbed and those present in the 
pore water. 
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SYMBOLS 


Area 

Compressibility of water 
Concentration in moles/litre 
Calcium Acetate 

Compressive Index 

Sum of Exchange Capacity 


Concentration of Ions in the Mid-Plane 
Between Particles 


Concentration of Ions in the External Solution 
Distance 

Initial Void Ratio 

Final Void Ratio 

Activity Coefficient 

Initial Height of Sample 

Water 

Grams of Water per 100 grams Dry soil 
Natural Remoulded Lake #dmonton Clay 
Liquid Limit 

Molar (concentration) 

Normality (concentration) 

Sodium Acetate 


Non plastic 
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Pressure Ke/em@ 

Plasticity Index 
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Maximum Pressure Kg/cm@ 
Minimum Pressure Ke/em@ 

Osmotic Pressure or Swelling Pressure 
Pressure Change Ke/em* 
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Solution 

Absolute Temperature °C 
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Total Exchange Capacity 
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Percent Volume Change 
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Change in Volume of water 
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CHAPTER I 
INTRODUCTION 


lel General 

During recent years engineers have been 
confronted with problems in swelling soils in which 
current theories have been found inadequate in the 
prediction of actual behaviour. In addition to un- 
usually low strengths observed, failures have occurred 
from excessive heaving. The problem of swelling soils 
is of specific interest in western Canada because most 
of the soils in the area exhibit excessive expansive 
characteristics. The normally consolidated glacial 
lake deposits in Manitoba, Saskatchewan and Alberta, 
as well as the overconsolidated Bearpaw formations in 


this area show the same high swelling characteristics. 


The phenomenon of swelling in soils has long 
been recognized by both soil scientists and engineers. 
The soil scientists were the first to embark in this 
field of study while the soils engineer coped with the 
problem as best as he could from intuition, until 
Terzaghi introduced the theory of consolidation and 
postulated that swelling was the opposite of con- 


solidation. Studies during the past thirty years on 


swelling soils have yielded several explanations 

for the swelling behaviour. These postulates are 

based on mechanical, physical, and physico-chemical 
concepts and include the capillarity effect, particle 
hydration, cation hydration, osmotic action, and 

purely elastic rebound. These concepts will be dis- 
cussed in more detail in subsequent chapters. The 
research of this thesis was to attempt an investigation 
of these postulates to assess the role, if any, each 
plays in the swelling of a remoulded sample of Lake 


Hdmonton clay. 


bee Seope of the Investigation 

The investigation was concerned with at least 
a qualitative determination of the mechanisms that cause 
swelling in a clay. This was attempted by evaluating 
the existing theories and by completing a comprehensive 


testing program. 


The testing program consisted of constant volume 
consolidation tests. The soil was a highly plastic clay, 
treated to yield homionic modifications with sodium and 
calcium as the adsorbed cations. These cations were 
chosen because they are of common occurrence in local 
natural clay soils and it was known from previous work 


(Locker, 1963, Thomson, 1963), that their effects 


L© 


represent general extremes of Soil behaviour of 

interest to the engineer. The samples were prepared 

at approximately the liquid limit and were desiccated 

or oven dried to initial moisture contents of about 

50%, 30%, 22%, 16% and 1%. For each of these moisture 
contents a test series was conducted by varying the 
immersing solution. One test on the Lake Edmonton 

clay was performed using varsol as the immersing 
solution. In addition, tests were performed. on samples 
of pulverized Ottawa sand which was considered chemically 


inert in comparison with the clay. 


Le 3 Organization of the Thesis 

A brief literature review pertinent to this 
thesis is presented in Chapter II. Chapter III is 
concerned with sample preparation and the testing 
method. This is followed by a presentation and dis- 
cussion of the test results ‘in Chapter IV. Chapter V 
is devoted to a discussion of the mechanisms of swell- 
ing arising from an analysis of the test results and 
from the literature review. Conclusions from this in- 
vestigation are presented in Chapter VI and recommend- 


ations for future research, in Chapter VII. 


14 Summary 


In summary, the general problem concerned the 


4 


determination of the causes of swelling ina clay. 
Specifically the problem was to attempt an inves- 
tigation of the various postulates pertaining to the 
swelling in order to assess the role, if any, each plays 


in the swelling of a remoulded sample of Lake #dmonton 


clay. 


CHAPTER II 


LITHRATURE REVIEW 


oe Introduction 

There exist many papers that deal with swell- 
ing soils, some of which outline practical problems 
while others are based on research into the swelling 
phenomena. This chapter reviews typical problems of 


Swelling and then the theoretical explanations. 


ard Typical Problems 
tingineering problems of swelling soils may be 
considered to occupy three groups viz.: 
(a) Swelling due to changes in the moisture 
equilibrium of the soil. 
(b) Swelling that results from a removal of 
previous loading. 
(c) Swelling due to changes in the ambient 
solution in the pores of the soil. 
For any particular case the amount of total swelling 


could result from one or all of these causes. 


Consider a soil in which the moisture condition 
is normally affected by evapo-transpiration. Once a 


structure is built on this soll, the effect of 
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e€vapo-transpiration may be reduced. The moisture 
accumulates in the soil below the structure resulting 
in a moisture content increase to a point beyond that 
achieved in its past history. This increase in moisture 
causes the soil to swell and may result in failure, 
(Collins, 1957)s However, an increase in soil moisture 
condition can also result from irrigation projects. 
increase in piezometric levels due to damming for a 
reservoir, or any other project that will cause the 
ground water level to assume a higher position and cause 


detrimental swelling. 


For a soil subjected to removal of overburden, 
an immediate expansion occurs upon unloading. In nature, 
this soil may eventually come in contact with water and 
further swelling results. The amount and rate of swell- 
ing depends on the type and degree of previous loading. 
Besides the increase in moisture content, the soil could 
be subjected to leaching with a less concentrated solution 
(surface water) which could substantially increase swell- 
ing. Such conditions exist in the overconsolidated for- 
mations of Western Canada and North Western United States. 


(Hardy, 1963). 


There are few reported cases where failure 


"Indicates references listed at the end of this thesis. 
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occurred due to changes in the ambient solution of the 
Soil. Recent publications which consider this aspect 

as definitely contributing to failure are Hardy (1963) 
and Bjerrum et al (1964). Hardy dealt with the case 

of slope failure where surface water entered the soil. 
The difference in concentration between the surface 
water and the solution already in the soil gave rise to 
an osmotic effect with resulting decrease in strength 
of the soil. Bjerrum et al reported the case of a 
tunnel failure near Oslo. Failure was caused by leakage 
through the joints of the concrete lining of the tunnel. 
The leaking water dissolved the carbonates of the ad- 
jacent material thus making space for the ingress of 
water. The material was montmorillonitic in nature 

and swelling occurred resulting in decreased shear 
strength. Analysis based on the excess hydrostatic 
pressure concept could not be used to account for the 


failure. 


ee5 Explanations for the Swelling Phenomenon 


If a dry sample of soil is exposed to an 
environment of increasing moisture conditions, (an 
atmosphere of controlled relative humidity) the soil 
will adsorb water molecules. The most recent research 


into this type of adsorbed water was reported by Barshad, 
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(1955). He used the mineral montmorillonite, and 
produced several adsorption isotherms. Curves for 


Saturated sodium and calcium samples are given-in-F1IG.l. 
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RELATIVE PRESSURE ————— 


FIGURE 1: Adsorption Isotherm at 30°C of a 
Mississippi Montmorillonite saturated 
with Sodium and Calcium Cations. 

(After Barshad,1955) 
Barshad described the course of hydration and 
interlayer swelling of dehydrated and contracted mont- 
morillonite as occurring in five distinct steps. fThe 
first step consisted of hydration of the external surfaces 
of the particles. On completion of the multimolecular 


layer of water on the external surface, the second step 
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consisted of a migration of water molecules to inter- 
layer positions in the montmorillonite, equivalent to 
one layer of water molecules. The third step consisted 
of a reformation of the multimolecular water layer on 
the external surfaces of the particle. The fourth step 
consisted of another unilayer of water molecules 
migrating into the interlayer spaces. s#xpansion was 
accompanied by a redistribution of the already existing 
interior and external water molecules with the formation 
of a discontinuous dimolecular water layer in which water 
molecules were grouped around the interlayer cations. 
The fifth step consisted of a re-formation of the multi- 
molecular water layer on the external surfaces of the 
particle. Step 5 was completed as a relative humidity 


of 100% was approached. 


Barshad's work was based on observations using 
the X-ray diffraction technique. His findings were in 
agreement with previous researches done by Mattson(1932), 


Katz (1933), Marshall (1949), and Mc#wan (1955). 


The amount of water adsorbed from the controlled 
atmosphere depends not only on the type of mineral com- 
prising the clay particles but also on the type and amount 
of adsorbed cations. In samples saturated with cations 


of equal radius but varying charge the larger the charge 


-~retnt o¢ tainosiom tevsw to molisigim s To betelenoo 

ot dnoleviups ,otimoiLivomsnom odd at enotttacq seysl 
hedétenos gote btiad ofT .esinoslom tetew To s6yel eno 
mo 18yBL 19tew telyoolomis ium say to nottamrotet s lo 
qete adiot ed? .sfotiteq oot to eeoetaue Lantetxe end 
eelvosiom tossw to 1eysiinw tettens to bedjebanos 

agw sotenagxh .coosgqe tayelistat sdt.otnl gniivergia 
gnivetxe ybestis ons to notguditseiost s ye boinsqmooss 
aottamto? odd détw eolvoofom t9¢ew isntedxe bas toltsiat 
tetsw doddw oi weysl +etew tsinoelomib awoymtinooelbh s 19 
.anolttss teyelistat ead bovors bequotg atew esluosiom 
~f¢ium edd to rtotsemiot-e1 s to bsdebetod qe¢e Acti? eat 
add lo eBoatine Learetxs oft no teysl tedew 1e8lvoslom 
ylibimud oviteler s es beselqmoo 2esw tC qova .eloising 


-botisso1ggs eaw ROOL to 
guien @foisevisedo no beesd asw dow e'bedeted 
nt stew agnibott efH .suptacost motdostTith yeuX ond 
, (SFCL)moestsaM yd omoh eenorssse: evotveng Miiw daomeetges 
e(G2CL) mewioM bie , (@HOL) iiederaM e(EERL) sired 
balfortioo sdd mott hbedtoébe istsw To davome eit 
-meo iBienim to oqyt odd mo yYlno ton ebasqeb emsiqeomis 
jrwoue bap sqys siz no o8is sud eslotowageyals ed? qubkettg 
noises ddtw betsiise eolqmse ai -enotiee badveate Yo 
eytans eft téyrel ait egvado gaiyiey 2 Sats NE if 


10 


the lower the relative humidity at which expansion 

occurs. In samples saturated with the same cation but 
varying in amount the larger the number of cations the 
lower the relative humidity at which expansion occurs, 


(Barshad, 1955). 


Nith sufficient time, a dry sample of soil 
exposed to a relative humidity of close to 100% will 
normally adsorb enough moisture to satisfy particle 
hydration and also cation hydration; if the sample is 
then brought in contact with liquid water more water 
will be taken in by the sample and further swelling 
will occur. This is the usual case encountered in 
soil mechanics practice. It is also the case for which 
the mechanism of water adsorption has been explained by 
more than one hypothesis. Some of these hypotheses will 


be briefly reviewed. 


Sebastyan (1959) discussed the "Soil-water 
Potential Theory" as related to swelling. This theory 
states that each solid particle has a certain water hold- 
ing potential. A soil mass coming in contact with water 
will satisfy the water demand particle by particle. As 
the solid particles take in water, their unsatisfied 
water adsorption potential may be larger than the other 
external or internal force systems acting on the mass; 


the particles may be pushed apart by the adsorbed water 
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films and swelling occurs. 


Another generally accepted hypothesis is the 
capillary effect. The most recent work utilizing this 
concept to explain the swelling phenomenon was presented 
by Clisby (1963). The argument presented in this case 
was that if a sample of moist soil were allowed to 
desiccate, capillary forces would develop. The cap- 
illary tensile forces would act normal to the walls of 
the capillary tubes in the soil. with evaporation of 
moisture, the capillary pressure would pull the particles 
together with resulting decrease in size of the soil mass. 
The process would continue until no further decrease in 
Size occurred. The capillary menisci would then enter 
the wedges between the soil particles with further dry- 
ing. If water should then be allowed to come in contact 
with the soil, water would be taken into the soil by 
capillary action and would destroy the high tensile 
stresses pulling the particles together. The release 
of these high pressures would then allow the soil part- 


icles to rebound thus causing swelling of the soil mass, 


The "Osmotic Theory" is another method cited 
to explain the swelling phenomenon in soils. Osmosis 
is a dilution of a concentrated solution by a solution 


of lesser concentration, the two solutions being 
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separated by a semi-permeable membrane which permits 

flow of solvent but blocks the flow of solute, Maron & 
Prutton (1958). Osmosis is a mechanical process. It 
depends on the pore size of passages in the membrane 
along with the relative sizes of solvent and solute 
molecules. The process of osmosis can be explained in 
terms of the molecular kinetic theory. Consider a system 
consisting of a concentrated solution on one side sep- 
arated by a semi-permeable membrane from a less concen- 


trated solution on the other side as shown in FIG. 2. 


MEMBRANE 


B 


FIGURE 2 :; Schematic Diagram to Illustrate 
the Development of the Osmotic 
Phenomenon. 
The number of collisions of the solvent particles on 
the highly concentrated solution, (side A), with the 
membrane, will be less than that on the low concentra- 
tion (side B). Therefore, the possibility exists for 
the number of solvent particles that will migrate from 
B to A to be more than those that will migrate from A 
to B. Hence, there will be a net movement of solvent 


particles from B to A, (Hiller and Herber, 1960). 
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The osmotic process depends on the number of these 
collisions for any solvent-solution system and will 
depend on the number of particles in the system. ‘The 
pressure required on the more concentrated side to 
prevent a net migration of solvent particles through 

the membrane is the osmotic pressure. It is the 

number of these solvent particles and not their chemical 
properties that is used to develop the mechanism of 
osmosis. For this reason osmotic pressure is classified 


as a colligative property. 


The application of the osmotic phenomenon to 
soils was discussed by Mattson (1933). He stated that 
the colloidal particle dissociates some of the adsorbed 
cations; the degree of dissociation depends upon the 
nature, valence and hydration of the ions. The dissoc- 
iated ions from an atmosphere around the particle which 
in effect constitutes a highly multivalent colloidal ion 
of opposite charge to that of the diffusible ions. fhe 
concentration of the dissociated ions is greatest near 
the particle surface resulting in a steep concentration 
gradient perpendicular to the surface. ‘The thickness 
of the ion atmosphere is limited by the electrostatic 
attraction. Within the ion atmosphere the osmotic 
pressure is greater than in the outside liquid and grows 


progressively greater in the direction of the particle 
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surface. The collidal particle in the ion atmosphere 
and the osmotically imbibed water constitute the 
colloidal clay micelle. The colloidal micelle can be 


represented as in, FIG..3. 


CLAY PARTICLE 


LIMIT OF ION 
ATMOSPHERE 


AQUEOUS PHASE 


DISSOCIATED IONS 


FIGURH 3 : Schematic Representation of a 
Clay Micelle. 
If the moisture content of the sample is low 
then the aqueous phase of the micelle will be small 
and the ion atmosphere will be dense. Consider two 
adjacent colloidal micelles at low moisture content. 
The particles will be close together. If then the 
moisture content is allowed to increase, water will be 
taken in, limited by the capacity of the electrostatic 
forces, and the micelles will enlarge. ‘This enlarge- 
ment of the micelles results in expansion of the sample, 
in other words, the particles will be pushed apart. 
If, however, the sample is not allowed to expand, the 
tendency of the micelles to imbibe water will still 
exist; the pressure required to suppress this tendancy 


to imbibe water and expand is essentially an osmotic 
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pressure and manifests itself as a swelling pressure. 


The osmotic theory has until recently found 
limited application in engineering practice. The most 
recent interpretation of this concept was by Hardy 
(1964). Hardy considered the current concepts of the 
causes and effects of swelling ina clay soil. fThese 
concepts postulate the existence of attractive and 
repulsive forces between soil particles. The attractive 
forces are forces of molecular attraction or the Van der 
Waals forces. Besides the molecular forces which act 
over only short distances there are the electrical forces 
of attraction which act over a much greater distance. 

The repulsive forces due to hydration are essentially the 
same as found by Barshad for a dehydrated soil. Any 
further water adsorbed is then explained by Hardy as due 
to osmotic forces produced in the diffuse electrical 


double layer in the aqueous phase of the soil. 


Hardy (1964), also points out that: 


"The physico-chemical factors governing the 
development of osmotic swelling pressures 

in clay-water systems include the basic 
internal crystalline structure of the clay 
minerals, the geometric shape and size of 
the individual clay particles, the existence 
of a diffuse double layer surrounding each 
soil particle arising from the aqueous 
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environment, the nature and concentration 
of the exchangeable ions associated with 
the double layer, the nature and concen- 
tration of salts in the aqueous phase of 
the system, and the Structure or fabric 
of the soil resulting from its geological 
Nis tory. 


Attempts have been made in the past to relate 
the measured swelling pressure of a soil to the calculated 
osmotic pressure based on system characteristics. The 
equation used for calculating osmotic pressure was that 


developed by Van't Hoff: 


Ps 


ree 
re jon - 2Co oe 0000006 nt 
Cm 


Where, R = Universal gas constant 
T = Absolute temperature 
Cm = Concentration within the micelle 


Co = Concentration of the immersing 


ii Re lob Roar 
When the immersing liquid is water, Co—-0, and the 
equation reduces to : 


Ps, 2, Bl Cm. ».6@8.6¢6€81),.6 2 & © } 


Bolt (1956) performed experiments using sus- 
pensions of sodium and calcium montmorillonite in dilute 
salt solutions. His observed results showed close 
agreement with calculations based on theoretical con- 


siderations. Similar agreements were obtained by 
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Warkentin et al, (1957), and Yong et al, (1962). ‘These 
experiments were performed under ideal conditions such 
aS, soil in suspension, minus 0.0002mm. particle size, 


low concentrations of pore water, and pure minerals. 


The application of the Van't Hoff's equation 
to natural soils is not expected to show any quantitative 
agreement in measured and calculated pressures because 
the equation even as used in the ideal case is only an 
approximation. An attempt by Ruiz (1963) to directly 
relate these pressures for more natural soil conditions 


will be discussed in Chapter V. 


Terzaghi (1956) in his discussion of: Bolt's 
(1956) osmotic concept for explaining the swelling 
pressure developed in a soil, outlined the clay cluster 
concept. According to the clay cluster concept, a natural 
soil is composed of inert soil particles and of clusters 
of clay mineral particles forming minute osmotic cells. 
Terzaghi stated that the volume of the inert particles 
remains practically constant while the clay clusters are 
highly compressible and at a given pressure their size 
depends on the chemical composition of the soil solution. 
Therefore, if one should consider only swelling of the 
soil then Terzaghi's argument could substantiate the 
fact that osmotic pressure could contribute to volume 


change in a natural soil. The volume change would be 


TL 


seodl ,(SO@L) ys te gneY bs (S8@0, as ts atsaoat 
Hove aftoisibmon Lesbl tebrv pourotreg otew evacm}ieg 
este sfottisq .mmS000,0 exam tolemaqaue at {foe a 

-eLarsnaim sivg bap ,1adsW sted %¢ snditersnesnes wo - 


noktaupe 2'ttok +'naV edt To wo oat . 
evitstiineup yns wore of bastoeqns Jom. al aitoe Letuden of 7 
seynoSd estueceig bedsluolss bys beatessa KE tnsmestgs 
nis yimo et senso Iseht add at beep ee neve” accel eda i 
Vissetib os (£OCLf) sink Yd Tongs TS ath notes x 7 
eacijipbmos tice Laiseean sam 106071 edtwezeny seats wile 
“¥ astqsHtd mh. bevepoeth ‘ed ittw 


a'eice to moleeuseib efA at (dee 4) ‘bigssze? 
yntifewe std gninisiyxe tw +qeaites oidaptes (aeen) 
qaseutly ysis snd boemitiue ,ikot & Pad begoleveb etwagetg | br 
fetden-s ,dqesnoo tejanlo yelo sat oF antbroooé nogeneee: i> 
e1stents to bane esiotinsaq ifoe tasnh vio) baeoyinos ab ‘Ltoe 
elles olijomeo sduain gouimicl eslotideg ss : 
esfotsiey t1ani ond Yo emptov ont oat Bs ; 
ete aisteuio yalo sad slinw rapiaeo\ ehEab 
Ssice tiait saiv22etg aoviy s) tis bas olds ae _ 7 
«norduioe [ioa sat io notdleodaes:, Meee 
eit to antfiowe ylad. sablanod. binode, ome 
sav stati nadedue Bluco paen a 
amulov od eet a onmeaet 


Take 


ed) bleow samano anistov » 


18 


contributed by the clusters of clay particles since the 
inert particles would not undergo much volume change. 
Terzaghi's discussion was directed against Bolt's 
assumption that the mechanical behaviour of a soil was 
not "based on facts". Terzaghi pointed out that the 
mechanical properties of a soil influences the strength 
of a soil. He said that the shearing strength of each 
of the inert particles was equal to that of the mineral 
of which it consisted, whereas that of each clay cluster, 


parallel to its base, was equal to zero. 


2.4 Previous related research done at University of 


Alberta. 

P.A. Thomson (1960) attempted an investigation 
into the relative volume changes and the time-rate of 
volume change as a function of the adsorbed cations in 
samples of clay shales from the Peace River at Dunvegan. 
This investigation demonstrated the need for working with 
homionic samples. As a result, A.B. Hamilton, (1961), 
succeeded in preparing homionic samples of Lake Hdmonton 
Clay. Consolidation tests were performed on these 
samples as well as on samples in which the exchangeable 
cations were controlled to comprise certain percentages 


of calcium and sodium cations. 


G.J. Locker (1963), 5S. Thomson (1963) and 


A.E&. Dahlman (1965), investigated strength characteristics 
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of these homionic samples. S. Thomson discussed some 

of the mechanisms of swelling. He considered the effect 
of the osmotic phenomenon on swelling and postulated 

that besides osmosis inherent with the clay micelle there 
might be a possibility of osmosis occurring between the 
soil mass itself and the immersing liquid. 8S. Thomson 
also demonstrated the fact that decreasing the concen- 
tration of salt in a soil resulted in a lower strength 
value. This he attributed to the fact that with the lower 
concentration in the soil solution more water could be 
Osmovically imbibed. 1f, as a result of this, expansion 
was allowed with an increase in the moisture content 

of tune soil, the compressive strength of the soil would 


decrease. 


2.5 Mechanisms of Swelling Based on the Literature 


Review 

The literature review reveals the following as 
possible mechanisms of swelling: 

da Particle hydration. 

Qe Cation hydration. 

3s Water molecule adsorption by soil particles. 

yy Gapiblaryvactions 

Pie Osmosis within the clay micelle. 

6 


: Osmosis between the soil mass and the 


immersing liquid. 
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The elastic properties of. the soil particles,+inise far 
as Swelling is concerned, can be considered a mechanism 
of swelling. However, rebound associated with elastic 
restitution of soil particles normally occurs almost 
immediately after load is removed and for this thesis, 


1s not considered a problem in swelling soils. 


Mechanisms of swelling should not be confused 
with factors that affect the degree of swelling in any 
one soil. A mechanism of swelling can be defined as a 
chemical or physical phenomenon which occurs ina soil 
resulting in expansion of the soil mass. Any condition 
that affects the degree of this chemical or physical 
reaction can be classified as a factor that affects 


Swelling ina soil. 


2.6 Factors that Affect the Degree of Swelling ina 


soil 
yvome of the factors that affect the degree of 
swelling in a soil are: 


hte The effect of the attractive Van der 


Waals forces. 
ae Nature and amount of the adsorbed cations. 


3. Nature and concentration of the pore 


water solution. 
L. Structure of the soil. 
as Stress history. 


6. Temperature conditions. 
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These factors complicate any investigation into the 
Swelling behaviour of a soil. For this thesis, control 
of these factors had to be implemented, where possible, 


in order to study the mechanisms of swelling. 


ee / Summary 

This chapter considered typical problems of 
swelling and the explanations for the swelling in soils 
as obtained from a literature review. ‘The problem of 
swelling normally occurs when an expansive soil undergoes 
variation’ in moisture content. The manner in which the 
soil takes up moisture and then expands has been 
explained by particle hydration when the soil is initia- 
lly in a dehydrated condition. For the condition when 
the soil is at moisture contents above the shrinkage 
iMmit (as-is the’case® for most natural soils) the 
mechanism of swelling has been attributed to molecular 
attraction, capillary effect and osmotic imbibition. 


These postulates have been outlined. 
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CHAPTER III 
SAMPLH PRYPARATION aND TESTING M#THOD 


Bal Introduction 

The soil used for this investigation was a 
highly plastic glacial lake clay. It was the same soil 
as used by Hamilton (1961), Locker (1963), 5. Thomson 
(1963) and Dahlman (1965). The soil was obtained from 
a fresh cut slope in South tdmonton at a depth of approx- 
imately 15 to 20 feet below original ground surface. 
Arter*air-dryingy the soll°was crushed "teo*passs tne No.40 
seive. The soil was then treated to yield sodium and 
calcium homionic modifications. The other material used 


was pulverized Ottawa sand. 


See Outline of Testing Program 

The object of the testing program was to 
investigate the mechanisms of swelling outlined in 
Chapter II. Some of these mechanisms as postulated, are 
inseparable from the soil science point of view since it 
is considered that the force contributing to water 
adsorption is the same regardless of the moisture content 
of the soil. However, for engineering purposes it is 


convenient to treat the mechanisms separately and to 
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consider their effects on soil swelling behaviour, 
individually, but in so doing it must be realized that 
no distinct boundaries exist between one mechanism and 
another. It was therefore intended to investigate the 
mechanisms not only to determine their contribution to 
soil swelling but also to indicate the conditions under 
which they predominate with regard to soil moisture and 


stress considerations. 


The testing program was as follows: 
(a) Particle Hydration 
This mechanism is considered to occur 

as a result of an attraction of water molecules by the 
soil particles when the moisture condition of the soil 
is such that the layers of adsorbed water around the 
particles are not fully developed. To investigate this 
mechanism tests were performed using soil samples at 


initial moisture contents of approximately 1 percent. 


(b) Cation Hydration 
It was intended to investigate the effect 
of cations on soil swelling by testing the sodium and 


calcium soils at low moisture contents as for (a) above. 


(c) Attraction of the Soil Particles for water 


Molecules (Soil water Potential Theory) 


The explanation of soil swelling by 


this theory is basically similar to the concepts of the 
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Soil scientists. However, the theory as presented, 
(Sebastyan, 1959), does not consider variation in swell- 
ing behaviour when a salt solution is in contact with 
the soil instead of water. It is intended to point out 
this limitation by testing the clays in water and in 


Salt solutions. 


(d) Capillary sffect 

The capillary effect is postulated as 
a mechanism of swelling based on the fact that when the 
capillary menisci pulling particles together are des- 
troyed the sample rebounds. It was intended to inves- 
tigate this aspect of swelling by testing the clay 
material in varsol. Varsol was used because it is non- 
polar but has a surface tension approximately 25% that 
of water. with these properties it was considered that 
capillarity can be developed while other complications, 
for example osmotic effect, are reduced. It was also 
intended to consider the results on the pulverized sand 


sample in which water is held mainly by capillarity. 


(e) Osmotic Action Between the Adsorbed 


Water Layer and the Pore water 


This osmotic effect can be considered 
to occur between the solution in the adsorbed water 
layer (double layer) and the pore water solution, as a 


result of a difference in concentration between the two 
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solutions. It was intended to investigate this osmotic 
effect by testing the sodium and calcium clays in water 
and in salt solutions of varying concentrations, with the 
samples at various initial moisture contents. 

(f) Osmosis Between a Soil Mass Containing 


Saline Solution and an iHxternal Solution 


of Lesser Concentration 
This postulate is based on the fact that 
as a result of the saline solution in the pores of the 
SoilL.mass; aneosmotic'action can be developed if -the soil 
comes in contact with a solution of lesser concentration. 
This mechanism was investigated using the pulverized 


sand with salt added. 


ak Homionic Preparation 


The method of preparing the homionic samples 
of sodium and calcium clays was essentially the same as 
outlined by Hamilton (1961). Slight deviations from the 
original procedure were undertaken as a matter of con- 
venience. It was estimated that about 1 kilogram of 
each modification was required hence 1.5 kilogram of the 
natural remoulded soil were used. This amount of soil 
was placed in a 4-gallon polyethelene pail and treated 
with four batches, each of 3,750 cc, of 0.75N hydro- 
chloric acid. tach application of the hydrochloric 


acid solution was stirred in by hand using a wooden 
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stirrer for approximately 10 minutes. The slurry was 
left to settle out. After about 24 hours the super- 
natent liquid was syphoned off. This hydrochloric acid 
treatment was found satisfactory for the removal of the 
carbonates and sulphates in the soil. ‘The removal of 
these salts was considered necessary to prepare homionic 
Soil samples. The carbonates are slowly soluble in 
water and this condition gives rise to the undesirable 
possibility of a release of extraneous cations in the 
soil. The presence of these salts lowers the cation 
exchange capacity of the soil. The salt crystals occupy 
Space in the soil thus decreasing the amount of clay 


particles in any given volume of soil. 


The wet soil was next washed with four batches, 
each of 8,750nce,: ofedistilled waters; |. The, washing, pro- 
cedure was the same as for the hydrochloric acid. wash- 
ing with water was applied in order to remove the excess 
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The soil was then saturated with the acetate 
solution of the desired modification. Five batches of 
3,750 cc. each of 1.0N acetate solution were used. 
sach batch was applied as for the hydrochloric acid 
treatment. This acetate solution treatment was necessary 


in order to force the clay particles to accept the 


as 


eew yttsle oA .eatuaim.OL yfodaminoiqqe t6% tetzide © 
“leque sfd enxngon #S$ guods rettéA. dno elites ef Stel 
Sios oftoidooabyd ein! .%Vie. Bbenonqgye éew Siupil tnetvan 
sit to tevomet edt 101 yrodosteivee bayot sew tasmeaeei2 
To Levones sil .itoe sit al eedvergive Dore eslanod1ss 


ofgotmon steqsiq cs yresesssm Hhotelbfenscoe eaw elles seen? 


mi sidufoe ylwols ete cetenogtses SAT .eelemse Lloe 
sbidstteshru ois o¢ sett esvia sottibmoo efdy has Tevew f 
ond ot andiues exosasitixe to sasshet e€ to yoetiadiaseg 


noljns ant etowol etiee sesdd Io sonsesta ad? Lice 


Yquooo elsyeyto sise snl -ilee sit to wWloestes opaadoxse 


YSalo to ¢auome eft gobecsstosh avdd Lioe eddy mi eosace 


r 


itce to omefov mevip: yas ab sefotdaag aa 


reenotsd wwol iiw boasew jxet gaw Lice Jew GAT 
-91q gninesw afl .tetsw holiliteth to ,9802),€ to doge 
-feew .bios sfitolimoorhyo ofc tod 82 sties att eaw etpbeo 
egoxs odd Svomet ut tsbi0 nt bstiqgs eaw tetsw diiwv gal 
-itoe eit at bios : 


eJesoss ent atiw bateiusyse dedd eaew.fioe eat aot 

20 defied syii .mottsott thom bertesh ent 29 gebeeios 
-boey stew nolivfoe etsia0g 10,1 to moss 09 ORV e6: 

bhioe oftoinsorbya anv act 4p osiiqge epw doted dose . 

VIsz2999n 2ew tromtestd dolinioe stedese Ban tend song a 


oid dqsods-od eslotinsg yalo. ede etek naa 


sn 
es | 


is 


27 


particular type of cation desired in exchange for the 
various types of adsorbed cations in the natural soil. 
Acetate salts were used because of the ease with which 


the acetate radical can be later removed from the soil. 


The next operation was the removal of the 
excess salts from the soil samples. ‘This can be done 
by washing with either pure water or ethyl alcohol. The 
alcohol was preferred for three reasons. Firstly, the 
acetate is soluble in alcohol and can therefore be easily 
removed. vecondly, water will cause some replacement of 
the adsorbed cations by hydrogen ions present in the water 
thus lowering the number of positions filled with the 
desired cations. When alcohol is used, this situation 
Goesenot arise. Thirdly, alcohol being less polar than 


water, facilitates the washing and centrifuging process. 


Washing was accomplished by placing approximately 
4O grams of the wet soil in a 200 cc. centrifuge bottle. 
About 75 cc. of alcohol was then stirred in for 2 minutes 
using a rubber tipped stirrer with the milk shake machine. 
The soil was centrifuged. The clear solution was poured 
off and about 25 cc. of it were oven dried to check on 
the presence of salt crystals. This washing procedure 
was repeated about seven times when evaporation of the 
Supernatent liquid showed that the presence of salt 


crystals approached zero. The centrifuging time at 
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approximately 2000 r.p.m. ranged from 10 minutes for the 


first washing to 45 minutes for the last washing. 


After washing out the excess salts, the soil 
was extracted from the centrifuge bottle and oven dried 
at 60°C. ‘The soil was then pulverized to pass a No.40 


seive. 


To obtain samples of silica sand of comparable 
grain size as the clay material, Ottawa sand was pulverized. 
This was done by the Department of Mining and Metallurgy 
at the University of Alberta. About 500 grams of sand 
were pulverized by both dry and wet processes. Crushing 
of the particles was effected by impact with small 
porcelain balls. The wet processed material was used as 
it showed the finer grain size as determined by the hydro- 
meter analysis. The wet processed material had 35% finer 
than .002 mm. as compared with 45% for the natural Lake 
Edmonton clay. However, the nature of the results 
required from the tests on the sand indicated that the 


grain size obtained was satisfactory. 


3.4 Sample Characteristics 

Classification tests were carried out on the 
clay and its sodium and calcium modifications. Tests on 
these samples for total exchange capacity and cation 


exchange capacity, were in accordance with the procedures 
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of the Alberta Soil Survey. The mineralogical com- 
position of the clay was determined by the Soil science 
Department, University of Alberta, using the X-ray 
diffraction technique. The results of the above tests 
on the clay are tabulated in TABLE I. The specific 
gravity and hydrometer analysis tests were done on the 
pulverized sand sample and the results are also reported 
in TABLE I. An attempt to determine the liquid and 
plastic limits of the pulverized sand was abandoned 
owing to the high dilatency of the material. The sample 
was mixed by hand at a moisture content of 20%. It dis- 
played a preference for bulking but the lumps were easily 
crushed with the fingers. The soil then was a moist 
powder. The moisture content was increased to u% but 
the soil exhibited the same behaviour as at 20%, that 
is, it still was a moist powder when mixed with the hands. 
The bbntaities was now tapped with the hands and the soil 
changed its properties from a moist powder to a viscous 
liquid. The soil was again mixed with the hands to the 
moist powder condition and some of this material was put 
in the liquid limit machine. with the first two blows 
the soil behaved as a dry material but by the fifth blow 
the remaining soil had liquefied. It was, therefore, 
impossible to mix and place the soil for a liquid Limit 


determination. It was similarly difficult to obtain a 
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plastic limit determination because depending on the 
rate of rolling and pressure applied the soil could be 
made into a powder or thin thread with the soil at the 
Same moisture condition. Based on the moisture contents 
used, the liquid limit can be estimated at 22% to 23% 
with the plastic limit being about the same but slightly 


LesSetpanéthe liquid: limit. 


3.5 Sample Preparation 


For the constant volume one-dimensional tests 
the clay samples were to be tested at varying initial 
moisture contents. In order to attain approximately the 
Same structural arrangement of the soil particles, the 
soil was mixed at a moisture content approximating the 
liquid limit. The soil was then covered and placed in 
the moist room to soak for about 1 day. The soil was 
then carefully placed in a 3 inch diameter by § inch 
thick lucite ring, in thin lifts, to avoid entrapping 
air bubbles. A moisture content determination of the 
soil, as placed in the ring, was made. This allowed 
checking the moisture content of the sample during the 
desiccation process. The sample in the ring was kept 
in a large covered chamber at first. when the sample 
had shrunk slightly in the ring after about l day, it 


was placed in a covered dish and kept in the chamber. 
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This was done in order to lower the rate of desicc- 
ation and to prevent cracking of the sample. Periodic 
checks were made to trace the moisture content drops of 
the sample. It was thus possible to obtain samples at 
any desired moisture content. It was found that once a 
required moisture content was reached the sample could 

be wrapped ina plastic bag without entailing significant 
moisture loss fordays. This enabled tests to be started 


as convenient. 


For the test on the clay using varsol the sample 
Was Lxed.in.,a proportion.,of 50, grams.of soill.ta.5Gucc. 
varsol. This resulted in an excess of varsol but this 
condition was desired in order to place the soil in the 
testing ring as a liquid thereby decreasing the poss- 
ibility of entrapping air. As the slurry was poured in 
the ring, the free varsol drained out. The soil was 


then levelled in the ring and was ready for testing. 


The pulverized sand exhibited a bulking be- 
haviour and high dilatency. From a consideration of 
the results required from this test it was decided that 
the most feasible way to test the material was to place 
the dry material loosely in the testing ring, compact it 
in the consolidometer and then allow access to water 


from below the sample. It was expected that as the 
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water migrated upwards into the sample most of the air 


in the sample will be pushed up and out. 


3.6 Testing Method 

The tests were mainly to determine swelling 
and swelling pressures. For this reason the one- 
dimensional consolidation test was used; in particular, 
the constant volume one-dimensional consolidation test. 
The constant volume test was chosen because in this way 
the swelling pressure of the soil is measured without 
allowing the soil itself to undergo any major change in 
characteristic. In addition, the constant volume test 
requires a shorter period of time for completion. How- 
ever, both the free swell and constant volume tests have 
applications to particular field problems, (Hardy and 


Dyregrove, 1962). 


The consolidation machines were of the platform 
type with a mechanical advantage of 100 and a capacity 
‘spies tons/ft* using 2.5 inch-diameter samples. In 
addition one large consolidation machine was used. It 
has a mechanical advantage of 200 and a capacity of over 
150 tons/ft* using 2.5 inch-diameter samples. The 
accuracy of the machines was checked against a cali- 
brated proving ring. 

The consolidation cells, specially made for 


the tests, were of plastic material based on the design 
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of the existing metallic cells. The porous stones were 
corundum instead of bronze. These materials were used 
to eliminate all metal contacts with the soil during 

the test in order to avoid any possibility of ion ex- 
change with metals. The consolidation rings were of 
lucite with a polished inside surface. The rings were 
nominally 2.5 inch inside diameter and 1.25 inches 

deep. The rings were checked for circumferential ex- 
pansion uSing a wet sample of soil and maximum load. 
H#xpansion was less than 0.01 mm. which for this program 
was considered insignificant. with regard to side 

[Vic ulon. 1t was nov considered necessary To apply a4 
correction because the polished surface when coated with 
high vacuum silicone grease reduces the friction effects 
to a rather small value, (Brooker, 1964). The low 
friction between soil and ring was evidenced at the end 
of the test when the samples could be extracted from the 


Pee ei Gale: or nO eLrort. 


Compressibility of the consolidation apparatus 
and filter paper was significant. A metal plate had to 
be placed under the base of the consolidation cell to 
avoid bending of the cell and breaking of the porous 
stones. The apparatus had to be calibrated for defor- 
mation of the cell, filter paper and plastic loading cap 


as well as warping of the platform. These deformations 
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had to be taken into account as the test progressed 
in order to study the deformation in the soil sample 


itself. 


In the constant volume consolidation test the 
Samples at the required moisture content were trimmed 
to fit the consolidation rings using a plastic cutter. 
The trimmings were used to check on the moisture con- 
tent of the sample. For the drier samples, it was 
necessary to sand paper the sample to size ona sand 
paper machine. (The initial moulding size of the 
Sample was so chosen that the required size sample could 
be obtained with only a small amount of trimming). the 
volume and weight of the sample were determined. The 
Sample was then inserted in the consolidation ring with 
a minimum loss of time and was set up for loading. ‘the 
immersing liquid was put into the consolidation cell am 
loads were applied to prevent expansion of the sample 
with due consideration given for deformation inherent 
with the apparatus itself for each load. At least two 
increments of loads were used beyond the point when the 
sample commenced consolidating. After consolidation 
under the final load the sample was allowed to rebound 


according to the procedure of the standard consolidat- 


ion test. 
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For the clay test using varsol as the immer- 
Sing liquid, and for the test on the pulverized Ottawa 
Sand the method of placing the sample in the consolidat- 
ion cell was previously described. The loading process 
for these tests were in accordance with the normal 


procedure for standard consolidation tests. 


a7 Summary 

This chapter gave an outline of the testing 
program, a description of the samples, their preparation, 
the apparatus and the testing method. The soil samples 
were Lake wdmonton clay with its sodium and calcium 
modifications, and pulverized Ottawa sand. The charac- 
teristics of the samples were tabulated in TABL# I. 
The apparatus was the platform consolidometer using a 
non-metallic consolidation cell. The swelling pressures 
on the clays were determined by the constant volume one- 
dimensional consolidation test at varying initial moisture 
contents of the samples obtained by desiccation. standard 
consolidation tests were run on the pulverized Ottawa 
Sand and on a clay sample using varsol as the immersing 


liquid. 
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CHAPTER IV 
TEST RESULTS 


WL Introduction 


In this chapter the results of the tests will be 
presented and explanations will be offered concerning the 
nature of the test results. These results will be used 
in Chapter V to discuss the mechanisms of swelling, which 


was the fundamental purpose of this investigation. 


The samples were tested at varying initial 
moisture contents and in turn with varying immersion 
solutions. Because of these conditions different maximum 
loads were applied to the samples. This had an effect on 
the amount of swell obtained for any sample based on net 
volume change between initial and final conditions. 
Consideration was given to this problem and a discussion 
will be presented on the amount of swell for samples hav- 


ing approximately the same maximum stress. 


For the purpose of this investigation, the swell- 
ing pressure is defined as the pressure at which the 
sample revealed a definite decrease in volume compared to 
initial conditions. In view of the difficulty of main- 


taining a constant volume of the sample during the test, 
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the sample was subjected to small increases and dec- 
reases in volume before consolidation started. ‘fhe 
maximum pressure at which the consolidation curve cuts 
the no volume change line was defined as the Swelling 


pressure. (See FIG. 4). 


NO VOLUME CHANGE LINE 


a ad lle al yh CURVE — > 


SWELLING PRESSURE rive 


APPLIED PRESSURE| roe scave}|-——— 


VOID RATIO CHANGE 


FIGURé 4: Definition of Swelling Pressure. 


4.2 Test Results 

Tests were carried out on natural remoulded Lake 
Edmonton clay, calcium and sodium modifications, and 
pulverized Ottawa sand. The results of the tests are 
Summarized in TABLi II. Void ratio versus pressure 


plots are included in Appendix A. 
The following notes are applicable to TABLE II: 


2 Of the 31 tests reported, Nos. 13 and 25 
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were tested for swelling pressures only. 


The rebound curves were not determined. 


= In Test No. 16, after the sample was con- 
solidated under maximum load (73.6 tons/ft°*) , 
the sample was unloaded directly to minimum 
ros CC .ULeo tons/ft*) to note the rebound 
characteristics under drastic unloading 


eenattrons. 


a Tests 18 to 21 representing the sodium 
Samples tested in water could be tested only 
for swelling pressure. Attempts to con- 
Solidate the samples beyond the swelling 
pressure was not considered worthwhile as 
with elapse of time the clay particles 
started to migrate into the immersion water 
through the clearance between the porous 


stones and the consolidation ring. 


4.3 Identification of Swelling Clays 

Holtz and Gibbs (1956) in searching for simple 
identification tests for expansive soils found that the 
colloid content of a soil and the Atterberg limits could 
provide satisfactory indicators of the expansive charac- 
teristics of clays when considered together. A critical 


examination of the data they presented to substantiate 
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their findings would indicate that their conclusions 
could be misleading. Their charts show that for any one 
value of the index used (colloid content, plasticity 
index, or shrinkage limit), soil types exist which occupy 
a range from a classification of low to very high expan- 
Sive characteristics. However, this method of identif- 
ying expansive soils is quite simple and finds wide 
practical use. More elaborate methods such as X-ray 
diffraction, differential thermal analysis, and flame 
photometric analysis, though they present better results 
Copiugnitification of soils, their practical application 
to routine testing is severely limited by economic and 


time considerations. 


Seed et al (1962a) realizing the limitations of 
the identifying method proposed by Holtz and Gibbs, 
pursued studies on compacted materials and introduced the 
swelling potential as a means of identifying swelling 
characteristics of any soil. The swelling potential is 
defined as the percent swell of a laterally confined 
sample on soaking under 1 p.sei. surcharge after being 
compacted to maximum density at optimum water content 
in the standard AASHO compaction test. seed et al 
also reported that though two soils may have the same 
swelling potential they may exhibit quite different 


amounts of swell after compaction due to variation in 
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placement composition, manner of compaction, or to 
differences in climatic conditions. Therefore, «though 

a Soil may be identified as being of the expansive type 
based on the swelling potential, the amount of swell and 
Swelling pressure can only be obtained from appropriate 


tests. 


The concept of activity introduced by okempton 
(1953) can also be used for identifying expansive soils. 
This method makes use of the plasticity index and percent 
clay sizes, hence, it will have similar limitations as the 


method proposed by Holtz and Gibbs. 


TABLE ILI lists the classification of the soils 
used in this program according to the three identifying 


methods: 


TABLE TIL 2: Classification of 66114 


em.L.#dm.Clay Very High High Norma 1 


Very High Very High Normal 
alcium Very High High Normal 
Pulverized Sand Low Low Insensitive 


TABLE III shows that identifications based on activity 
and Holtz and Gibbs! method give the same classification 


for the remoulded Lake #dmonton clay, calcium and sodium 
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modifications. The method of Holtz and Gibbs indicates 
that these soils are very high swelling types, while 

they are classified as normal soils based on activity 
alone. The swelling potential classification chart 
developed by Seed et al relates the activity and percent 
clay sizes, with indicated ranges of swelling potential. 
This chart gave the best indication as to the actual 
behaviour of the samples as tested. It showed the sodium 
Sample to have very high swelling characteristics as 
distinct from the remoulded Lake Edmonton clay and calcium 
Samples, which were shown as having high swelling charac- 
teristics. All methods indicated that the sand sample 


was a low swelling type. 


The results of the consolidation test can also be 


used to identify expansive soils in terms of the ratio, 


Cs 
Ge «2 


Swelling index. The higher the value of "a"! the greater 


as where Cc is the compression index and Cs the 
will be the expansive characteristic of the soil. From 
the test results both the natural Lake wdmonton clay 
Sample and the calcium sample, tested in water, gave a 
value of 0.3 indicating that these samples had similar 
swelling characteristics. A value for "a" could not be 
obtained for the sodium sample tested in water. However, 
the results obtained by Hamilton (1961) showed that the 


sodium clay had a value of 0.8 for "a" indicating that 
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the sodium sample had a greater expansive charac- 
teristic than either the calcium clay or the remoulded 
Lake udmonton clay. when the calcium clay was tested in 
a 0.5M salt solution the value of "a" was 0.16 as com- 
pared to 0.3 when tested in water, indicating that with 
a salt solution in the pore water the soil will exhibit 


a lower swelling characteristic. 


4.4 Percent Volume Change 
The problem of predicting the amount of swell 
is much more complex than determining whether the soil 
is of the expanding type. The test results show that 
for the same soil composition and approximately similar 
structure, (particle arrangement), wide variations in 
amount of swell can be obtained depending upon the 
initial moisture content of the sample, the stress history 


and the nature of the surrounding solution. 


Consider the Lake #dmonton clay and calcium samples 
tested in water, TABLE IV. The tabulated value show that 
volume change increases as the initial moisture content 
decreases. This is to be expected since with a lower 
initial moisture content the soil will have a greater 
capacity to imbibe water. An apparent discrepancy 


appears to occur with test No. 9 but the lower value of 
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TABLE IV s Initial Moisture Content vs 
Volume Change 


-17.91 
+ 7.38 
+26.69 
+33.78 


Calcium -11.56 
Calcium +1 5/7 
Calcium +29.89 
Calcium +28.89 
Calcium +35.92 


the percent volume change for this test with initial 


moisture content of 16.7% as compared with test No.8, 
is due to the higher consolidation pressure applied to 
the sample of test No. 9. This introduces the influence 


of the stress history on the percent volume change. 


The influence of the stress history on percent 
volume change can be studied by considering the samples 
for tests Nos. 1 and 6, which showed swelling pressures 
Gieee end 0,65 tons/ft* respectively. If the samples 
were allowed to swell as in a free swell test, a positive 


value of volume change would be obtained, but by subjecting 
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the samples to consoliiation pressures higher than the 
swelling pressure, a net reduction in volume was obtained. 
This was due to a permanent set that occurred in the sample 
on first loading, as a result of which the sample could 


not regain its original volume. 


Clisby (1963) has shown that by repeatedly load- 
ing and unloading the soil the permanent set decreases 
with each cycle of loading. With application of suffic- 
dent cycles of loading, Clisby claims that the soil 
can be made to behave elastically. st&lastic behaviour in 
this sense being considered as the compressibility and 
expansibility of the soil mass including expulsion and 
imbibition of water, compression and expansion of air 
voids and soil solids. Hence the total rebound is some- 
times said to be due to elastic rebound. However, on the 
basis of physico-chemical concepts soil swellin, can be 
the result of more than one cause. sulastic rebound in 
the physico-chemical sense as used in this thesis is 
Somewhat different from the concept of Clisby (1963) or 
Skempton (1960), in that expansion due to osmotic and 
particle hydration forces are not included as elastic 
rebound. 

Clay particles hold water at varying electrical 
potentials depending on the distance from the particle 


surface, as shown in FIG. 5. 


~ 


oF 


-beaisido saw omulov al noltesbea Jen & si 
siqmee sit af bertyooo isdy Jes Savane. ‘ or ub baw etd? 
bixoo siqmae sit dotdw to vieses 2 aod ,anihaol sertt m0 

» Om LOY Lentgtre edt ntsger don - 

~bsol Ylbstasqet yd tad? aworts ead (£880) esanto ) : | 
asasetveb Jae Jnememteq sat Lhée oid satheotah naw ant 
-cijttwe toe noiveotiags dyih .ghlibeol te @foys doss ddiw 
ties sig edd amiss wdetiv ,aiibrod to eafoyo saot 

ni twolvetsd oljaslu xe 3S ace evetied o¢ ebam sd nad 
bas yYdiliidteeerqmos sad ae betsblehos gated sense eld’ 
bne goieltigxe gaitwiont seam Lica sag to Wlitdtenagxs 
wtp to nolenedxs tne aobeestqaine eTatew ‘to aotsidtdmt | 
-omoe ei bnvode: Istet sdv sons .ehifose fos Gre eblov — 
sid no ,TeVSwon .bauodsar siveaie of outy sd az pise ont? 
ed aso  fillawe Lfo2 27 Go Leo tnondeooteyda’ r (et 3 
at bowodst olJeshs .degeo Sao many’ ston 0 ines it 

el wutesns elds af beet es sense parr ke of =i 


to (fd@L) xdeliv To igeonoe any ‘parte 


ae 
[sotcissis guivaey ge ‘her ts biot 8ef0i fe 
siptireq ads mort sonateah 6 orig ies a ; 


pts 


SURFACE OF PARTICLE 


ELECTRIC POTENTIAL 


THICKNESS OF ADSORBED LAYER ——»— 


FIGURE 5: Potential States and Thickness of 
the Adsorbed Water Layer. 


Ihe potential is higher near the surface of the particle 
and decreases exponentially with distance from the 

particle surface. when the load on the sample is low 

each particle will have a thick adsorbed water layer and 
the potential at the outside edge of the adsorbed layer 
Will be low. when the Sample is loaded to higher pressures 
the soil particles will release some of their adsorbed 
water resulting in a thinner adsorbed water layer. ‘the 
potential state of the clay micelle will correspondingly 
increase to be in equilibrium with the applied pressure. 


This phenomenon simulates the osmotic effect. When the 
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load on the sample is decreased, the clay particles 
with adsorbed water can exist at a lower potential state 


and water that was previously released can be imbibed. 


When the soil.ds in contact,.with.a salt solution, 
the clay particles with the adsorbed water layer undergo 
an adjustment to be in equilibrium with the outside 
solution. ‘This means that a soil existing in an environ- 
ment of low salt concentration if exposed to an environ- 
ment of high salt concentration, will release some of the 
adsorbed water in order to attain a state of higher 
potential to be in equilibrium with the potential of the 
outside solution. Whether or not the soil mass decreases 
in volume as a result of the reduction in the adsorbed 
water phase, depends on the stresses appiied to the soil. 
On the other hand, a soil existing in an environment of 
high salt concentration, if exposed to an environment of 
low salt concentration, will have the excess salts in the 
soil partly removed by dilution. ‘This reduction in con- 
centration in the free water phase allows the clay micelles 
to exist at a lower potential state, hence, the clay mic- 
elles will imbibe water and expand. this phenomenon also 


is essentially an osmotic effect. 


The effect on percent volume change due to the 


concentration of the solution in contact with the soil was 
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demonstrated in the testing program. Comparable results 


are presented in TABLE \V. 


TABLE V : kKffect of Solution Concentration 


on Percent Volume Change. 


Calcium 
Calcium er Ca Ac 


sodium O.5M Na Ac 
Sodium 4.OM Na Ac 


These results are chosen because in each set of samples, 
calcium and sodium, the samples had similar initial moisture 
contents and stress history. The percent volume change 

for each set is shown to be lower for the samples tested 


in the solution of higher concentration. 


Another factor that influences the amount of 
swell a soil exhibits is the nature of the adsorbed cations. 
It is well known that with sodium as the adsorbed cations 
the soil will swell considerably more than if calcium 
cations were the adsorbed ions. This condition was demon- 
strated during testing. ‘The sodium clay when tested in 


water had such a high capacity for imbibing water that the 
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Soil particles began dispersing into the immersing 
solution. One of the sodium samples was left in the 
consolidometer for several days. On removal, the 
remaining soil was in a state of a slurry, the moisture 
content being well over 100%. Had the sample not dis- 
integrated, the amount of swell for the sodium clay 
would have been considerably more than that for the 


calcium clay. 


4.5 Moisture Pick Up 
TABLE II shows that the Lake udmonton clay 

Samples tested in the range of initial moisture contents 
and varying maximum consolidation pressures, attained 
about the same moisture content at the end of testing. 
On the other hand, the calcium and sodium samples con- 
sistently showed a decrease in final moisture content, 
as the initial moisture content decreased and in turn as 


the concentration of the testing solution increased. 


TABLE I shows the excess salts to be high (69.5 
mee. per 100 grams a.d.s.) in the case of the Lake 
tdmonton clay while in the case of the sodium and 
calcium samples the salt content was low (3.2 and 4.9 
mee. respectively). when the soil samples are desicc- 
ated or consolidated the particles are brought closer 


together. In some cases two or more particles may be 
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joined temporarily and later behave as a single particle. 
The capacity to imbibe water will therefore decrease. 

The joining of particles is likely to occur to a greater 
extent in the cases of sodium and calcium samples, than 
in the case of the Lake ¢dmonton clay. Upon drying of 
the Lake #dmonton clay sample, the excess salt may 
crystallize and occupy positions between soil particles. 
This salt goes into solution when water again comes in 
contact with the sample. The number of particles will 
remain essentially the same and the capacity to imbibe 


water will be unaltered. 


The lowering of the final moisture content with 
increasing salt concentration in the pore water was 
expected. with higher concentration in the pore water 
the clay micelles exist at a higher potential to 
maintain equilibrium. To achieve this condition the 
water phase must be small, hence lower moisture contents 


of the samples will prevail. 


4.6 Swelling Pressures 

If a soil has the capacity to swell, it will 
expand when in contact with water. If the expansion is 
to be suppressed then a pressure must be applied. It 
has also been shown that the swelling tendency can be 


partially suppressed by allowing the soil to come in 
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contact with a solution higher in concentration than 
the pore water. when the above mentioned conditions 
prevail concurrently, the clay micelles will attain a 
State of equilibrium with both the environmental solut- 
ion and the applied pressure. This is achieved by suc- 
cessive adjustment of the adsorbed water as illustrated 


in e167 


In case (1) of FIG.6 the Soil is in equilibrium 
with water at low potential, Ws The thickness of the 
adsorbed layer is dj. If now the soil comes in contact 
with a solution having a potential, Wo,then the clay 
micelle reduces in size to thickness d., to attain the 
higher potential, W>+ If this high concentrated 
solution is leached out of the soil by a Solution of 
lower concentration, for example, rain water or snow 
melt, then the micelle will expand to its original 
size (1). The pressure required to suppress this 
expansion will correspond to the higher potential,,. 
If in addition to the effect of a high concentration 
solution the soil is consolidated under a pressure, 
state (3) will be attained. Upon removal of the 
consolidation pressure the soil will want to attain 
a potential state lower than that of Wo If moisture 
comes in contact with the soil but expansion is sSup- 


pressed, the swelling pressure will correspond to 
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potential, Ws. 


Whether the soil is subjected to the processes 
described or to desiccation, the net effect is the same. 
In all cases, the size of the micelles will achieve 
certain dimensions to be in equilibrium with the prevail- 
ing conditions. within the micellar solution the cations 
are dispersed. when the micelle size is small the cations 
are highly concentrated, and the opposite holds when the 
micelle enlarges. The phenomenon of varying concentrat- 
ions of the cations in the clay micelles being in 
equilibrium with the existing external conditions is 
essentially an osmotic effect. It must be pointed out 
that the above discussion applies only when the moisture 


content of the sample is such that double layers exist. 


The testing program accented the study of the 
swelling pressure of the soils under varying conditions. 
The results presented in TABLE II are plotted in FIG.7, 


Pertinent findings from these results are as follows: 


ike The sodium clay yielded higher swelling 


pressures than the calcium clay. 


Ce At high initial moisture contents, the 
samples tested in lower concentration 


solution yield higher swelling pressures. 
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36 As the initial moisture content is lowered 
the swelling pressures increase but the 
differences in the pressures for varying 


concentration of solutions are reduced, 


4. For initial moisture contents close to the 
Shrinkage limit and below the shrinkage limit 
the swelling pressures obtained are almost 
the same for both the calcium and sodium 
Samples regardless of the nature of the immer- 


Sing solution. 


From preceding discussions items 1 and 2 were as 


expected and no further comment is necessary. 


With regard to item 3 which deals with the initial 
moisture content, ideal osmotic behaviour of the clay 
micelles is increasingly obscured as the moisture content 
of the samples becomes lower. At low moisture contents 
the particles come so close to one another that the 
influence of the attractive forces dominate the effect 


of the increasing repulsive forces. 


Concerning item 4 it should be stated that at 
low moisture contents the water layers around the clay 
particles are very thin. Virtual particle to particle 
contact will prevail if the strongly adsorbed water is 


considered to act as part of the particle itself. fhe 
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adsorbed layer at these low moisture contents is so thin 
that any increase in concentration of the pore water has 
no further thinning effect. At this stage the osmotic 
phenomenon is considered to be no longer applicable. 

The behaviour of the sample will depend on the inter- 
action of attractive and repulsive forces emanating mainly 


from particle hydration. 


The slightly different behaviour of the Lake 


KHdmonton clay sample can be attributed to two causes: 


(a) The Lake t#dmonton clay sample has a lower 
percentage colloidal sizes than either the 


sodium or calcium samples. 


(b) The salt content of the Lake Edmonton clay 
is much higher than the salt content in 


either the sodium or calcium samples. 


A lower percentage of colloidal size particles would yield 
lower swelling pressures, higher salts in the sample will 
also yield lower swelling pressures. These two factors 
combined explain the lower swelling pressures for the 


Lake Edmonton clay. 


The test results indicate that at higher moisture 
contents the swelling and swelling pressures are caused 
mainly by the osmotic effect. An attempt to correlate the 


observed swelling pressure with calculated osmotic 
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pressure based on the existing equation, (See Chapter V), 
did not show a close relationship. Bolt (1956) obtained 
success in this direction but his experiments were per- 


formed under ideal conditions as explained in Chapter II. 


So far the discussion has centered on tests 
which have accented the osmotic effect on swelling. Test 
No. 5 was performed using varsol as the immersing solution 
for the Lake Hdmonton clay. Varsol is essentially a non- 
polar solution compared with water. Therefore, osmotic 
pressure was not expected to develop between the soil and 
the varsol.e when this sample was consolidated and re- 


bounded practically no swelling was observed. 


If capillary effect is assumed to contribute to 
swelling when water is used as a result of the destruction 
of the capillary menisci between soil particles, then with 
the use of varsol the sample would be expected to expand 
approximately proportional to the surface tensile proper- 
ties of the varsol compared with water. Water has a 
surface tension of 71.47 dynes/cem at 25°C (Handbook of 
Physics and Chemistry) while varsol is assumed to have a 
surface tension of 20 dynes/em. A definite surface 
tension of varsol could not be obtained but an approx- 
imation was based on the surface tension of kerosene 
22.5 to 32.5 dynes/em and napthas 19 to 23 dynes/cm 


at 25°C. (International Critical Tables). The 
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properties of varsolare assumed to be not too different 
from kerosene and various napthas. On this basis the 
effect of capillarity can be expected to have at least 
25% effect using varsol instead of water. But the test 
with varsol showed practically no swelling. The tests 
using pulverized sand tested in water also showed no 
appreciable rebound. The pulverized sand can be con- 
sidered inert with water as compared with the reaction 
between water and clay. ‘The majority of water retained 


in the sand sample is held by capillary tension. 


4.7 Rebound Characteristics 

The slope of the rebound curve taken from a void 
ratio versus pressure plot is called the swelling index. 
Values of the swelling index for the tests were determined 
between load increments 0.1 and 1.0 tons/ft* and are 
tabulated in TABLE II. The values obtained are approx- 
imately the same for all the tests except for the sand 
samples and for the test with varsol. fhe swelling 
indices for the sand samples and for the clay tested in 
varsol are essentially zero. These samples exhibited 
little or no swelling. The narrow range of values for 
the swelling indices obtained for the other tests indicate 
that the rebound curves were generally parallel to each 


other. This same trend was obtained by Hamilton (1961) 
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for the calcium and natural soils. Hamilton was able to 
obtain the swelling indices for the sodium sample tested 
in water and found they were about 4.5 times that for the 


natural soil and calcium samples. 


Rebound curves presented in FIG. 8 show the 

amount of rebound versus time for the load decrement going 
from 20 grams on the pan to zero load on the pan. Curves 
1 and 2 represent rebound of the calcium samples with 1% 
and 30.7% initial moisture contents tested in water. The 
rebound curve for 1% initial moisture content shows that 
this sample swelled more under the same load decrement. 
Curves 2 and 3 represent rebound of the calcium samples 
for approximately the same initial moisture content but 
curve 2 is for sample tested in water and curve 3 is for 


sample tested in O.5M Ca Ac These curves indicate the 


5° 
decrease in amount of swell when a sample is in contact 
with a salt solution instead of water for the same load 
decrement, stress history and initial moisture content. 
Curves 3 and 4 represent rebound curves for calcium and 
sodium samples with approximately same initial moisture 
content, stress history and with 0.5M salt solution as 

the immersing solution. These curves show the higher 

amount of swell for the sodium sample as compared with 


the calcium sample. ‘The nature of these curves with 


respect to amount of swell is in accordance with the 
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discussion already presented, 


With regard to time for primary rebound it was 
observed that at the high load decrements the time 
required was somewhat less than that required at the low 
load decrements. There was a general trend for equal 
times for primary rebound with samples tested in water 
and in salt solutions. It was also observed that the 
sodium samples tended to take a longer time to complete 


primary rebound as compared with the calcium samples. 


4.8 Degree of Saturation 


The initial degree of saturation for the samples 
are tabulated in TABLE II. These values show a con- 
Sistant decrease in degree of saturation from 99% at about 
50% initial moisture content to 5 or 6% at 1% initial 
moisture content. This decrease in degree of saturation 
will always occur in nature when the soil is subjected to 
desiccation. Consolidation due to positive pressure 
(overburden) will maintain 100% saturation if the initial 


degree of saturation was 100%. 


Fredlund's (1964) investigation showed that con- 
Solidation due to both desiccation and positive pressure 
was essentially the same up to the plastic limit of the 
soil. Similar results were obtained beacuse in both 


types of tests the samples used were in a high degree 
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of saturation. Below the plastic limit the desiccated 
Samples undergo smaller volume change compared with the 
water extracted, and from the shrinkage limit no further 
volume decrease occurs. This is quite different from a 
positively consolidated sample, for example, the Bearpaw 
Shale of western Canada. Hardy (1963) reported that the 
undisturbed formations (50 feet below surface) have 
natural moisture contents generally less than 10% which 


is certainly lower than the shrinkage limit. 


It should be pointed out here that the nature of 
the results obtained from the testing program for samples 
having low moisture contents cannot be applicable to the 
Bearpaw Shale when the moisture content is lower than the 
shrinkage limit but with the sample still saturated, 
because of the difference in the type of consolidation. 
In the case of the desiccated samples, when the water is 
extracted from the samples below the shrinkage limit air 
voids are created. These voids are theoretically filled 
again when water comes in contact with the soil, without 
causing the soil to expand. Really then, the swelling 
pressures measured in the testing program for samples 
below the shrinkage limit, represent swelling pressures 
not at the indicated initial moisture contents but ata 
moisture content corresponding approximately to the 


shrinkage limit. This will explain why similar results 
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are obtained for samples tested at initial moisture 
contents close to the shrinkage limit and for samples 


with 1% initial moisture content. 


In the case of the Bearpaw Shale, moisture loss 
below the shrinkage limit was accompanied by volume 
decrease. This moisture loss was brought about by very 
high confining pressures which in essence may be considered 
as dehydration of the particles. Van Olphen (1962) showed 
that this was possible and he reported squeezing out the 
second last molecular layer of water froma clay particle 
with a pressure of 30,000 p.s.i. If the Bearpaw sample 
in its low moisture state is exposed to the atmosphere, 
it will adsorb water molecules from the air depending 
upon the relative humidity, the nature of the adsorbed 
cations and the mineralogy of the particles. Though the 
amount of swell resulting from this process (particle 
hydration) will be small, the swelling pressure will be 
tremendous. The process of particle hydration will con- 
tinue, depending on the mineral type and atmospheric con- 
ditions up to or beyond the shrinkage limit. If then 
liquid water comes in contact with the soil greater swell- 


ing, but at reduced pressure, will result. 


4.9 Summary 


In this chapter the test results were presented 
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and a discussion of the results was made. The tests 

on the sodium and calcium samples showed that the amount 
of swell and swelling pressures were greater for the 
sodium samples compared with the calcium samples. It was 
also observed that the amount of swell and swelling 
pressures were higher for samples tested in lower concen- 
tration solutions. As the initial moisture content of the 
samples decreased the differences in amount of swell and 
Swelling pressures were reduced. At initial moisture con- 
tents close to the shrinkage limit the results were essen- 
tially the same for all samples. The clay sample tested 
in varsol and the sand samples displayed no appreciable 


swelling. 


Also considered in this chapter was the amount 
of water imbibed by the samples, rebound characteristics, 
and the differences in behaviour of desiccated samples 
as compared with samples consolidated under positive 


pressures. 
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CHAPTER V 


DISCUSSION ON MECHANISMS OF SwHLLING IN CLAY 


aad Introduction 


A mechanism of swelling has been defined as a 
physico-chemical phenomenon that occurs in the soil 
causing the soil to swell. The following postulates 


have been advanced to explain the swelling of clays: 


(a) Hydration of clay™particles. 
(b) Hydration of adsorbed cations. 


(c) Attraction of water molecules by the 
clay particle. 


(d) Capillary effect. 


(e) Osmotic effect between the adsorbed water 
of the clay particle and the outside 


solution. 

(f) Osmotic effect between the soil mass and 

the outside solution. 

In this chapter the above postulates will be 
discussed in the light of the existing literature and 
on the basis of the test results. The purpose of this 
discussion is to evaluate the postulates as they apply 


to soil engineering. 
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bec) »hydration.of Particles 

An attempt to investigate the effects of particle 
hydration using desiccated samples with initial moisture 
content of 1 percent was unsuccessful because desiccated 
Samples attain a minimum volume corresponding to that at 
the shrinkage limit. Below the shrinkage limit desiccated 
Samples undergo moisture content variation at constant 
volume,of.the sample. However, on the basis of existing 
literature Mattson (1932), Katz (1933), Marshall (1949), 
Barshad (1955), McH#wan (1955) and Van Olphen (1962) there 
is ample evidence to show that expansion of a dehydrated 
soil mass is first caused by particle hydration. Particle 
hydration can be assumed to be complete at a relative 


humidity of close to 100%. 


Based on data from observations using the X-ray 
diffraction technique Barshad (1955) showed that the 
dehydrated clay particle would adsorb water from the 
atmosphere. The manner in which the adsorption process 
occurred was described in Chapter II of this thesis. The 
molecules of water would first be adsorbed on the external 
surface of the particle. If the mineral was the expanding 
lattice type (e.g. montmorillonite) then water molecules 
would enter between the lattice structure and cause extra 
volume change. If the mineral was not of the expanding 


type (e.g. kaolinite) then the amount of water adsorbed 
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will be much less. Results presented by Barshad (1955) 
Showed that the sodium montmorillonite adsorbed water 

to the extent of 36.5% moisture content at a relative 
humidity 95%, at the same condition the sodium kaolinite 
adsorbed water to the extent of only 2.5% moisture content. 
therefore; thecdegree of moisture adsorbed due to particle 
hydration depends on the type of minerals involved, as a 
consequence, the mineralogy of the clay particles governs 
the amount of expansion a soil exhibits due to particle 


hydration. 


The minimum volume a natural soil can normally 
attain is the volume at the shrinkage limit unless the 
Soillis ‘highly overconsolidated. If it is assumed for the 
sake of argument that 12% is a representative value of the 
moisture content for the shrinkage limit of clays, then if 
the clay is predominantly of kaolinite, expansion due to 
particle hydration will not occur because at 95% relative 
humidity “kaolinite “exists at only 2.5% moisture content, 
well below the shrinkage limit. In case the natural soil 
is of pure sodium montmorillonite, at 95% relative humidity 
the sample will exist at 36.5% moisture content well above 
the shrinkage limit (even above the plastic limit) and 
variations in volume change of the soil can occur due to 


atmospheric variations. However, if the relative humidity 
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of the natural atmosphere is assumed to be 40% (as it 

is in the average case) the moisture content of the 
sodium montmorillonite will drop to approximately 11.5%, 
which corresponds with the shrinkage limit and no major 
volume changes are expected to occur due to variations in 
atmospheric conditions. In addition, natural soils are 
seldom 100% sodium montmorillonite, hence, for practical 
purposes it can be assumed that under normal atmospheric 
conditions natural soils will not be subject to volume 


changes due to particle hydration. 


Highly overconsolidated soils that are compressed 
to a volume below the volume corresponding to the shrink- 
age limit, will adsorb water through the process of 
particle hydration depending upon the atmospheric con- 


ditions and the mineral type of the clay particles. 


53 Cation Hydration 

The tests results for the sodium and calcium 
clays show that the nature of the adsorbed cations does 
influence the swelling behaviour. The swelling pressures 
obtained for the sodium clay are shown in FIG. 7 to be 
consistently greater than those for the calcium clays at 
moisture contents exceeding 20 percent for the samples 
tested in water. Below 20 percent moisture content, the 


calcium clay shows a higher swelling pressure. Ihe samples 
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at approximately 1 percent initial moisture content did 

not reveal the results expected because the samples des- 
iccated below the shrinkage limit when immersed again in 
water will show tendency to swell only after the moisture 


content at the shrinkage limit has been achieved. 


The data presented by Barshad (1955) regarding 
water adsorption by sodium and calcium montmorillonite 
from a dehydrated state shows that the calcium soil adsorbs 
more water than the sodium soil at the same relative humidity 
(FIG.1). Although no published data exist relating the 
swelling pressures for these soils at low moisture contents, 
it is suggested that the calcium sample is more likely to 
exert the higher pressure at low moisture contents. MThis 
is based on the fact that the test results for this thesis 
show that the swelling pressure curve for the calcium 
sample tends to be higher than that for the sodium sample, 
(FIG.7) below 20 percent moisture content. In addition, 
the adsorption isotherms (FIG. 1) indicate that the 
calcium sample adsorbs more water at a particular moisture 


content and hence will be expected to expand more. 


The concept of cation hydration on swelling of 
soils was discussed by Havlicek (1961). He stated that 
monovalent ions smaller than 1.32A° radius should behave 


as hydrophillic (water attracting) particles, while 
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larger ones should behave as hydrophobic particles and 
should be regarded as negatively hydrated. ‘This idea was 
based on tests in which monovalent ions larger than 1.32A° 
as the crystalline radius showed smaller radius on the 
basis of Stokes principle from their speed in water 
solution in an electric field. The smaller observed 
radius indicated that the large ions speed up diffusion 
of water whereas the others slow it down. In addition, 
Havlicek found that the concentration and density of water 
in the proximity of the larger ions were less than that 

in the proximity of the others. On this basis Havlicek 
concluded that the cations larger than potassium form 
thinner diffuse layers than lithium and sodium thereby 


reducing the swelling of soils. 


Grim (1958) commented on the influence of the 


adsorbed cations: 


"They serve as a bonding force between par- 
ticles, and this may determine the available 
Space between particles and the attractive force 
that growing layers of water must cvercome in 
pushing apart clay particles. They determine 
the thickness of the oriented water layers also 
by the manner in which the cations or the cation 
plus a hydration envelope can fit into the geo- 
metry of the water net. The fit or absence of a 
fit may serve to enhance or retard the formation 


of oriented water layers. The cation may 
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determine the actual geometry of the water net, 
and of very great importance, determine whether 
the oriented water grades gradually into liquid 
water or is abruptly separated from liquid water". 
According to Grim (1958) with calcium as the 
adsorbed cation the clay particle in the presence of water 
will develop oriented water to the thickness of about four 
molecules of water, beyond this thickness there will be an 
abrupt change to liquid water. In the case of the sodium 
cation thick oriented water layers are formed and there is 


no abrupt change from the oriented water to liquid water. 


5 ott Attraction of water Molecules 


The "Soil-Water Potential Theory" was presented 
as a discussion at the Twelfth Canadian Soil Mechanics 
Conference held in 1958. According to this theory every 
soil particle is able to adsorb a certain amount of water 
on its surface by the molecular attraction and every water 
molecule is attracted toward the solid surface in the same 
way. A critical examination of this theory shows that no 
consideration is given to the nature of adsorbed cations, 
clay mineral type, or to the presence of a solution other 
than water. The test results of this thesis show that 
these effects have important influences on the swelling 
behaviour of the soil. In the circumstances the "Soil 


Nater Potential Theory" is too limited to fully explain 
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the behaviour of soils. 


5.5 Capillary Effect 

When a soil sample is desiccated capillary menisci 
are developed in the soil pores. Also, when a consolidated 
soil sample is unloaded the tendency for the mass to expand 
creates capillary menisci in the soil pores. In both cir- 
cumstances a destruction of the capillary menisci reduces 
the tension in the fluid pulling the soil particles to- 
gether and the soil mass expands. One method of deter- 
mining the capillary pressure (Skempton 1961) is to find 
the no-volume-change pressure. The results of the tests 
(TABLE II) show that by varying the concentration of the 
immersing solution different pressures are obtained for 
samples having approximately the same initial charac- 
teristics, for example, tests Nos. 6 and 14. These 
differences indicate the effect of the surface action of 
the clay particles in an environment of a polar substance 


such as water and the salt solutions. 


To eliminate the effect of surface action varsol 
was used instead of water, (test No. 5). The sample was 
consolidated to 18.4 ke/em@ but with unloading very little 
rebound oceurred. The validity of this test as a measure 
of the capillarity effect on swelling is questionable on 


the basis that the varsol might have changed the properties 


ey 


"3 2 cs —_ | 
foetgom ytalliiqes betnosteab- at pa map 6 OeNny 
beisblioance s mew ,celi ,8eteq {toe end at boq 


baeqxs of aeem sis 10% yorebnsd ont bebsoinu at e@: Le 


7 > 
a> 
‘Sint f 2 
: a 7 
_ 


-t1io Ated al .esteq [los eid fit boeteen yuatltqes as 
essubs1 foatnem yrelitiqass ond to noltountaeb’s 205 18: stemu> 
“of eeloijieg Ltoe ont gmiiing btuti edz ats mola aot eng 
-1steb Io bedvem sf0 .eboeges ceam [tos ods bes oe 
balt of sf (1d@L mostaqmeris) oTye2otd Uislitges. ed _ 
esJesy add to asinest oT -91N229Tq a 7, 


ois to molidstédnssnoo sit aaivirey Lo tadd. 


avy 
101 benistde e1g ze weesiq Jasaetitb Hohtne 


-osteho istdini omse ort \Lav snixzorgge 2 
onod! «AL tas 3 .20K ateodelqmae 907 4: 


> 


to nolies sostawe adv to Jostte sit sve 


eonstsdue wePog es To Jnomaotivas ne ae ® : mages 194 tals 


sanottuloe dise *~ wit Jew. 8 : ih 
Ps) 

foaisy goltos ssftape to Josette sat as 

sew signse sa? 2) om taet) ,teve 

eisdhh yxev gat bsoian — cael 4 bey oa 

eIwesam 2 @8 Jest anit wg bh-iew ort! a piel 


10 eldsroitesup otf 


eeltrsqorg ‘oat beguad> « . ay: a 


74. 


of the clay. The results of the pulverized sand sample 
(test No. 30), in which surface action was assumed ne g- 
ligible, also showed very little rebound on release of 
load. The sand was pulverized to yield a grain size 
distribution approximately comparable to the clay sample 
and as such, the pore sizes would be close to those in 
the clay sample and would therefore generate a similar 
capillary tension using water. The results of this test 
may be questioned on the basis of the difference in shape 


of the solid particles as compared with the clay particles. 


In the circumstances, the attempt to isolate the 
effect of capillarity on swelling was not achieved. It 
was, however, demonstrated that in a clay where particle 
surface action is significant all the swelling observed is 


not due to the release of capillary stresses. 


5.6 Osmotic Effect Between the Adsorbed Water Phase 


and the Outside Solution 

The concept of the osmotic effect on swelling 
is based on the interaction of the concentration of the 
ions within the adsorbed aqueous phase of the clay 
micelles and the prevailing conditions in the outside 
solution. The theoretical implications of this concept as 
applied to soils can be extremely involved as discussed by 
C.E. Marshall (1964). For the purposes of the soils 


engineer it will be worthwhile to at least have a basic 
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knowledge of this concept in order to take it into con- 


Sideration where applicable in his design work. 


The discussion of the test results in Chapter 
IV, made on a qualitative basis, gave a good indication 
that the phenomenon of osmosis could be applied to expalin 
the swelling behaviour of clays provided the moisture 
content was high enough to allow formation of double layers. 
At a moisture content of approximately 50% it was observed 
that the sodium sample tested in water yielded the higher 
Swelling pressure when compared with the calcium sample 
tested in water. This could be explained by the osmotic 
theory since the osmotic pressure is a colligative property 
and depends on the number of ions in the adsorbed water 
phase. The sodium and calcium samples had about the same 
cation exchange capacity (refer to TABLE I) and therefore 
since sodium is univalent and calcium bivalent, there 
would be twice as many sodium ions as calcium ions in the 
adsorbed phase resulting in a higher osmotic pressure for 
the sodium sample. But if potassium ions were used, 
potassium being univalent, it would be found that the 
potassium sample would not yield a similar swelling pres- 
Sure as the sodium sample. This statement is based on the 
nature of the results obtained by A.B. Hamilton (1961). 


This would point out one limitation of applying the over 
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Simplified osmotic pressure equation to soils: 


Ps = ne eoescseegeeecee 6 2 
Ruiz (1963) modified this equation to: 
p = oa 

% ms OE 


where "T" is the cation exchange capacity, 


1 is the moisture content of the 
Sample ; 


Va 1s the valence of the cations, 
TJ San SCLivi ty fons tant . 
hula replaced C, thé concentration of the>ions in’ the 
adsorbed™=phase™=in moles per Litre, by using the cation 
exchange capacity, moisture content and valence of the 


Cations as follows: 


Cation exchange capacity per 1OO gms dry soil = 


sabe moles per 100 gms of soil. 
1000 x Va 


wyirs-number“or- mores is*unitormty dispersed~in 
"i" grams of water contained in 100 gms of soil, 
.*°. Average concentration of cations(moles/litre), 


non 1000 
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pen 
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The activity value (f) could be obtained by dividing the 
observed swelling pressure by the osmotic pressure cal- 


culated from: 
mp 
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This procedure would be acceptable provided that the 

difference between the observed and calculated osmotic 
pressures was due to the degree of dissociation of the 
cations in the aqueous phase. some calculated values 


are presented in TABLE VI. 


TABLE VI : Osmotic Pressure and 
Activity Coefficient 


P ideal P(Observed) 


Ce. Led am 
Galelum 
Calcium 


sodium 
Sodium 


podium 


The values tabulated in TABLs& VI show that the 
laboratory swelling pressures observed for the sodium 
clay are about twice that for the calcium clay even at 
initial moisture contents of 30%. At 16% moisture content 
the picture is completely changed, the calcium sample shows 
a slightly higher swelling pressure than the sodium clay. 
According to the equations for calculating the osmotic 


pressure as proposed by Kuiz, the ideal osmotic pressure 
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for the sodium clay will always be twice as large as 
that for the calcium clay; any deviation from this be- 
haviour Ruiz simply attributes to activity and these 


calculated values are tabulated in TABLE VI. 


The simplified method proposed by Ruiz for 
accounting for the apparent discrepancy between observed 
and calculated osmotic pressures disregards natural be- 
havrour*or-s0ils." “As pointed “out by Ruiz no attention is 
given to the effect on the clay particle behaviour when 
different cations, but of the same valence, are adsorbed; 
no~considéeration is’ given to the particle ‘to particle 
interaction which introduces friction effects nor to the 
fact that the adsorbed water layer at low moisture contents 
no longer behaves as liquid water so as to act as a true 
dispersing medium for the cations, resulting in the absence 
of any osmotic phenomenon. In addition, Kuiz in his simp- 
lified method does not take into account the effect of 
attractive forces which possibly come into play when the 
moisture content is lowered. However, Ruiz has done a 
great deal to accentuate the importance of the osmotic 
theory for application to soil engineering. His simplified 
method was merely to present a workable hupothesis for 
practical applications. In so doing one must be made aware 


of the dangers of oversimplifying the complex osmotic theory 
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as applied to natural soils. 


An important observation arising from the 
research for this thesis was that regardless of the nature 
of the immersing solution, at moisture contents slightly 
above the shrinkage limit, the swelling pressures were 
approximately the same for both the sodium and calcium 
Samples. This condition gives a clear indication that 
while at high moisture contents there is evidence of an 
osmotic behaviour of the soil, this ideal osmotic behaviour 
is gradually diminished as the moisture content of the soil 
decreases. since the existing osmotic equation does not 
account for the differences in behaviour of natural soil at 
varying moisture contents there is reason to visualize why 
attempts have been futile in relating observed swelling 
pressures with calculated osmotic pressures based on the 
existing equations. Limited success has been achieved so 
far in relating these calculated and observed values for 


special conditions as mentioned in CHAPTwk Il. 


Sale Osmotic Effect Between the Soil Mass and the 


External Solution 
This postulate is based on the assumption that 
the cations and anions existing in the free pore water are 
a source of osmotic pressure if a solution entering from 


an external source is at a lesser salt concentration than 
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the pore water. In this case the "membrane" separating 
the solutions is assumed to be the soil mass itself with 
its capillary network, that is the external solution of 
low concentration can move into a soil mass but the pore 


water originally present cannot move out. 


Tests Nos. 30 and 31 using the pulverized sand 
were directly concerned with this aspect of swelling. 
Test No. 30 was performed with the sand immersed in water, 
and no tendency for swelling was observed. For test No. 31 
1.231 grams of sodium acetate salt was powdered and mixed 
with 50 grams of the sand in order to achieve a salt 
solution of approximately 0O.5M concentration in the pore 
water based on the results of test No. 30. oample 
behaviour during this test showed that under the minimum 


load 0.009 ke/om@ 


temporary swelling occurred in the initial 
stages but to a rather small extent. with time the sample 
decreased in volume under the same minimum load. During 
the test, checks were made on the conductivity of the 
immersing water. It was found that the conductivity 


increased with time indicating that the salt originally 


in the sample was migrating out into the immersing solution. 


The nature of the results of these tests indicate 
that an osmotic swelling develops as a result of the 


difference in concentration between the soil pore water 
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and a less concentrated external solution. This osmotic 
swelling is temporary since the soil mass does not effec- 
tively prevent migration of ionic particles in the free 
pore water out of the soil mass. This condition is unlike 
the case of the ionic particles in the water phase of the 
clay micelle where the ions are held in check by the 


electrostatic potential of the clay particle. 


5.8 Hlastic Rebound 

Klastic rebound normally occurs immediately after 
tne soil iseunloaded..,Scometimes.,, for.example, ;in, the.case 
of a mica type material, loading causes not only elastic 
deformation but also bending of particles. when the laod 
is removed immediate response in volume change may be 
retarded due to frictional forces preventing the bent 
particles from straightening out. However, elastic rebound 
is usually small compared with total swelling in clays, and 


does not normally constitute a critical problem. 


flastie rebound as considered above refers to 
expansion due to elastic restitution of the soil partacles 
as well as expansion of air pockets. This is the concept 
of elasticity as used in this thesis. Sometimes elastic 
rebound refers to the total expansion a soil undergoes 
upon release of loading, in this case, meaning expansion 


due to imbibition of water over and above that caused by 
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elastic restitution of the soil particles and expansion 


of the entrapped air. 


5.9 Concept of Neutral and Effective Stresses as 


Applied to Soil Volume Changes 
The term effective stress is defined as the stress 
controlling changes in volume or strength of the soil, 
(Skempton, 1960). The neutral stress is the stress in the 
finidopnase of the soil mass, this is also referred to as 


the pore pressure. 


When a mass of porous material is subjected to a 

Small increase in pressure from p' to p' + 4p' under the 

condition of zero pore pressure the volume changes from 
V to V + 4V where AV is negative, the compressibility, C, 
of the material for this particular pressure increment is 
defined by the equation: 
tee! Se 

V 


Compressibility is not a constant, but decreases with 


GCap 


increasing pressure and eventually, under a pressure suff- 
iciently high to eliminate the voids, © will fall toa 
value Cs, where Cs is the compressibility of the soil solids. 
Using the relationship, 
Ap' = 4p -4u 


where 4p is a change in total stress and 


Au is a change in pore pressure, 
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: AV ~. ' 
the expression,- >;— = C (ap -au), is obtained which is 


the expression suggested by sSkempton (1960) to relate 
volume change with changes in effective stress. This 
equation implies that a volume change must occur if the 
effective stress is changed for a soil having a compress- 
ibility, C. On this basis the consolidation and rebound 
of a soil as a result of changes in effective pressure is 
said to occur due to the compressibility and expansibility 
of the soil mass. ‘The total rebound of the soil mass is 
attributed to a so-called elastic rebound occurring in 
three stages. The first stage is an immediate rebound on 
pemoval of load, the Second stage is the primary rebound 
which is attributed to expansion at a slower rate as time 
is required for liquid to enter the soil mass; and the 
third stage is a secondary rebound due to elasto-plastic 


deformation. 


However, the results from the testing program, 
plotted in FIG. 9 show that for any given void ratio, 
above approximately 0.65, a soil (calcium or sodium clay) 
can show increases in effective stress by testing the soil 
in solution environment of lesser concentration. that is, 
since constant volume tests are involved observed changes 
in swelling pressure must lead to different effective 
stresses. For Skempton's (1960) theory to be valid it 


must, therefore, be argued that the nature of the testing 
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solution either changes the elastic properties of the 
soil or causes the effective stresses to change. Skempton 
(1960) did not appear to consider this aspect of soil 


behaviour. 


An answer to this problem is suggested by the 
physico-chemical concepts. According to this concept a 
soil can exhibit changes in behaviour because of changes 
in the surface effects of soil particles. These surface 
effects depend on factors such as adsorbed cations, 
mineralogy of particles, size of particles and nature of 
the pore water. Consider for example the curves for the 
calcium samples at an initial void ratio 1.00, the apparent 
effective stresses obtained were as follows: 

Case A, 4.8 kg/om*, sample tested in water 

Case B, 1.1 ke/em, sample tested in 0.5M Ca Ac. 

Case C,.0.4 ke/em, sample tested in 1.75M Ca Ac. 
These differences in apparent effective stresses can be 
attributed to the variation in the osmotic pressures devel- 
oped (See Section 4.6). Since the initial void ratio is 
constant, it can be reasoned that the capillary pressures 
developed would be the same for the three cases, A, B, 
and C as a result of desiccation. This capillary pressure 
will be of the same magnitude as the negative pore pressure. 


This pore pressure can be identified as, 
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Beside the pore pressure in the soil, there exists the 
effect of surface action in the form of a net interaction 
of the attractive and repulsive forces called the (R - A) 
forces which act in the same manner as a positive pore 
pressure in that they tend to push particles apart. These 


forcées.can.be identified as. 


The attractive forces, A, depend only on particle separa- 
tion and is relatively insensitive to system characteristics 
(Lambe 1960). Since the void ratios are constant, hence it 
may be considered that, 

A 


A = A 


‘oe B ¢ 
The repulsive forces depend on particle separation and also 
on the system characteristics. Therefore, R can be separated 
Into two components Rao distance dependent and Roo system 
characteristics dependent. Since the void ratios are 
constant, particle distances may be considered to be con- 


stant, and hence, 


would appear to be a reasonable assumption. 


i differ because 
However, Roa, ROB and Roc will di 
the concentration differences of the immersing solution 


have an effect on the thickness of the adsorbed water 
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layers and for this reason it can be classified as an 


osmotic pressure. 


Adhering to the concept that effective stresses 
remain constant with constant volume then the u, R and 
A forces will be a direct function of effective stress 
and they remain the same for the desiccated sample, A, 
Band UC at the same initial void ratio. However, the 
force component, Ry is such that it can be made to fluc- 
tuate by inducing base exchange of the adsorbed ions or 
varying the pore water salt concentration. It is essen- 
tially an osmotic pressure, as defined and can be considered 


as a force superimposed on the u, Ra and A forces. 


During the constant volume stage of loading any 
tendency for the soil to expand is suppressed by increas- 
ing the load on the sample. The force components trying 
to bring about expansion will be balanced by the applied 
load which measures the swelling pressure at equilibrium 
conditions. An equation can then be written: 


ie ae (Ra + Ro = A) 


for case A, 4.8 kg/em@ a a (Raa + ROA = Ay) 

for case C, 0.4 kg/em@ =U, + (Rac te AG) 
2 

subtracting,4+.4 kg/me” = Ri, - Roo 


In other words, the difference in swelling pressure 
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between cases A and C is due to a development in osmotic 
pressure (Roa 3 Roc)» of magnitude 4.4 kg/em>. The 
magnitude of this difference as compared to the swelling 
pressure for case C indicates that the osmotic effect 
seems to be the predominant mechanism contributing to 
Swelling at the void ratio of 1.0 for the sample tested 

in water. Similar reasoning may be applied to other 

cases for the range of void ratios shown in FIG.9. The 
vertical displacement of the curves gives an indication of 
the effect of osmosis for different soil types and adsorbed 
Cations ./~* However, it must be borne°in mind* that thee force 
components u, Ra and A not only increases as the void 
ratio increases, but they may vary individually. For 
example, at low void ratios A may tend to become greater 
than Rae In addition, from the definition of osmotic 
pressure as used in this thesis Ry will tend to disappear 
as the initial soil moisture content decreases, and the 


effect of particle hydration forces will commence. 


On the basis of the foregoing considerations it 
is evident that the effects of osmosis, capillary action, 
forces of attraction and particle hydration forces may all 
occur simultaneously in any soil sample. swelling con- 
tributed by osmosis gradually gives way to swelling by 
particle hydration as the moisture content decreases while 


the capillary tensile stresses increase in magnitude 
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with decreasing void ratios. On the basis of the curves 
in FIG.9, it is suggested that the upper limit for the 
osmotic effect be taken as the void ratio at which the 
curves for different immersing solutions tend to con- 
verge on a semi-logarithmic plot. This is based on the 
premise that as the curves converge, the difference in 
swelling pressure for tests in solutions of varying concen- 
trations become smaller. This indicates a reduction in 
the effect of the Ry» or oSmotic forces. For the calcium 
Sample this upper limit will correspond to a void ratio 
of 0.65 or a moisture content of about 20 percent (See 
FIG.10). For the sodium sample the upper limit can be 
taken at a void ratio of 0.6 or at a moisture content of 


approximately 17 percent. 


Oelvme otner Factors Affecting Swelling of a Clay 

From the foregoing discussions it has been shown 
that particle hydration and osmosis between the adsorbed 
water phase and external solution were the most significant 
causes of Swelling. To a much lesser extent swelling is 
due to elastic rebound, capillarity, and osmosis between 
the soil mass and external solution. It has been pointed 
out how certain factors, such as, the nature of adsorbed 
cations, mineralogy of the soil particles, the nature of 
the external solution, and the existing soil moisture 


condition can influence the swelling behaviour of a soil. 
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There are several other factors that influence the swell- 
ing behaviour and they are discussed in detail by Seed et 
al (1962b) and Ladd (1960). These include effects of 

grain sizes, presence of cementing agents, entrapped air, 


stress history and time for swelling. 


(a) Effect of grain sizes 


The presence of clay colloids in the soil 
mass is the main contributor to water adsorption and 
desorption. This is because of the larger surface area 
available andfacilitates adsorption of more water molecules. 
Larger particle sizes have smaller surface area and the 
amount of water adsorbed will be much less. In addition, 
the présence of sand and silt particles do not behave as 
clay particles in that they do not contribute to osmotic 
imbibition. 

(b) Presence of cementing agent 

Cementing agents in a soil acts as a glue 
binding particles together when the sample is compressed. 
Upon release of load after compression the bound particles 
cannot partake in soil expansion as would otherwise have 
occurred. 

(c) Entrapped air 


When a sample with entrapped air is 


compressed the air voids will decrease with pressure and 
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the air may even go into solution. Upon release of load 
the compressed air will expand. Air expansion froma 
liquid phase to air phase is much greater than expansion 
of water or soil particles under the same load decrement. 
Hence the presence of air in a soil may give.rise to much 
greater volume changes than if the sample was strictly a 
"Soil-water system". 
(d) Stress history 

Stress history appears to have a sig- 
nificant influence on the swelling behaviour of a soil. 
It has been observed that with a greater maximum load the 
soil displays a lower amount of swell when unloaded. It 
has also been observed that the rate of load decrease 
from maximum also contributes to the amount of swell. This 
was observed from test No. 16, calcium sample tested in 
1.75M calcium acetate. After consolidating under maximum 
load, the total load was removed and rebound was allowed. 
The percent volume change obtained by this method was 
greater than expected, based on other results obtained 


using the standard load decrement method. 


(e) Time for Swelling 
Observations during the testing program 
indicated that the amount of swelling by a soil depended 
upon the time as shown by the rebound curves, FIGs. Ss 


Time was required to allow water to migrate into the 
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Sample. The rate of water migration into the sample 
decreased with time under the same load, yielding a curve 
analogous to the wellknown consolidation-time curve. It 
would appear from the secondary swelling branch that a 
Sample could continue to expand to infinite time under 


a load. 


5.11 Summary 

In this chapter the various postulates for explain- 
ing the swelling of soils were considered with a view to 
determining the degree of influence of each. Particle 
hydration appeared to be the main cause of water adsorp- 
tion in a soil when the moisture content was below the 
Shrinkage limit. As a result, unless the soil was posit- 
ively compressed to achieve such low moisture conditions, 
water adsorption due to particle hydration would not 


contribute to normal soil swelling. 


The main cause of swelling in clay soils under 
natural soil moisture conditions slightly below or above 
the plastic limit, was considered to be osmosis between 
the adsorbed water phase of the clay micelle and the 
external solution. This could not be proved mathematically 
because the existing equations were not adequate, but the 
nature of the results from the testing program provided 


enough evidence to substantiate the assumption. The 
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capillary effect, elastic rebound and osmosis between 
the soil mass and external solution were found to be 
other causes of swelling but generally contributed to 


the swelling pressure to a minor degree. 
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CHAPTER VI 


CONCLUSIONS 


The basic force that causes a clay soil to adsorb 
water and expand is considered by the soil scientists to 
be the same regardless of the moisture contents of the 
soil. From the engineering point of view it is convenient 
to consider the manner in which the water molecules are 
adsorbed at varying moisture contents of the soil and to 
study the bahaviour of the soil at the various moisture 


conditions. 


Various mechanisms for water adsorption with 
consequent swelling of the soil have been postulated and 
these include particle hydration, cation hydration, 
attraction of water molecules by the clay particle, capil- 
lary effect, osmosis between the adsorbed water of the 
clay particle and the pore water, and osmosis between the 
pore water in the soil mass and an external solution of 
lesser concentration. Some of these mechanisms as pos- 
tulated occur simultaneously in the soil mass but it is 
of importance to stipulate the mechanism that predominates 


at the various soil moisture conditions. The following 
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conclusions are made on the basis of the investigation: 


(a) Particle Hydration 

Particle hydration is the mechanism of 
water adsorbtion by the soil particles when the soil 
moisture is so low that the soil adsorbs water molecules 
from a humid atmosphere. For practical purposes particle 
hydration can be assumed complete at a relative humidity 
or’ e¢lose to’ 100° percent, though there are slight anomalies 
to this assumption. For most soil engineering purposes the 
soil condition is such that particle hydration does not 
appear to contribute to soil swelling. An exception to 
this is the case where the soil is heavily consolidated to 
so low a moisture content that particle hydration can con- 


tribute to the development of swelling pressures. 


(b) Cation Hydration 
The specific phenomenon of cation hydration 

on soil swelling could not be ascertained. However, the 
nature of the adsorbed cations was found from the tests on 
the sodium and calcium soils to have significant influence 
on the swelling behaviour. The adsorbed cations influence 
soil expansion in more than one way. If the cations are 
large their movement tends to disrupt the adsorbed water 
layers resulting in a thinner adsorbed layer and less 
swelling. If the cations are of higher valence they tend 


to be more strongly attracted to the soil particles 
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resulting in thinner adsorbed layers and hence, less 
swelling. Some cations, for instance the potassium ion 
form bonds between mineral particles resulting in lower 


expansion of the mass. 


(c) Water Attraction by the Soil Particles 
Basically this method of explaining water 
adsorption is similar to’the concepts of the soil scientists. 
However, the theory does not explain the behaviour of the 
soil when a solution other than water is in contact with 


the soil. 


(d) Capillary Effect 
An attempt to isolate the effect of 
capillary action on swelling was not achieved. However, 
in the case of the Lake #dmonton clay in which surface 
action is significant, it was found that for moisture 
conditions close to that normally encountered in practice, 
the capillary effect appears to contribute very little in 
the total swelling observed. 
(e) Osmosis Between the Adsorbed water Phase 
The nature of the test results indicated 
that osmosis between the adsorbed water phase and the pore 
water solution was the main cause of swelling in the Lake 


Edmonton clay which has a high surface action, at moisture 
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contents slightly below,and above the plastic limit. A 
correlation between the observed swelling pressures and 
calculated values could not be obtained because of the 
inadequacy of the existing osmotic pressure equations. 
The test results showed that at initial moisture contents 
between the plastic and liquid limits of the soil, 
estimates of swelling pressure were in closer agreement 
with the osmotic theory but as the moisture content was 
decreased, gradual departure from true osmotic behaviour 
was observed. At moisture contents approaching the shrink- 
age limit it appeared that the osmotic phenomenon was no 
longer applicable. 
(f) Osmosis Between the Soil Mass and the 
External Solution 

The test results showed that swelling from 
this cause did occur but the amount of swelling was small 
and occurred only temporarily. The soil mass in its 
capacity as a semi-permeable membrane did not prevent ions 
from migrating out of the soil into the external solution, 
as a result, the swelling initially developed diminished 
with time under the same load. 

(g) Hlastic Rebound 
elastic rebound is sometimes referred to 


as the total rebound the soil exhibits when unloaded, 


regardless of the fundamental mechanisms that contributed 
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to the soil expansion. In this thesis elastic rebound 
was considered to be due to elastic restitution of the 
soil particles and expansion of entrapped air. t&xpan- 
Sion from this cause was expected to be small and would 
normally occur almost immediately upon release of load. 
It was not considered a critical problem of swelling in 


the Lake Ktdmonton clay sample. 
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CHAPTER VII 


RECOMMENDATIONS 


From the research for this thesis it appears that 
a theoretical answer to fully explain the complex swelling 
behaviour of soils will not be forthcoming in the near 
future. Even so, if such an answer should arise it is 
doubtful whether it could easily be applied to normal 
Dracvice. Un this basis, future work should be directed 
with a view that the ultimate purpose of the research would 
be to provide data which could be used to predict the 
behaviour of more than one type of soil. The current simple 


classification tests do not provide an adequate answer. 


It has been pointed out how factors such as stress 
history, structure and fabric of the soil, and the presence 
of salts can affect the soil behaviour. It is therefore 
recommended as a starting point and for a continuation of 
the current work, that the effect of stress history on soil 
swelling be considered. The test series should not necess- 
arily be done on Lake Hdmonton clay sample but on artific- 
jally constituted specimens to contain varying amounts of 
different clay minerals and in turn varying the adsorbed 


ions, moisture content, and salt content. These variants 
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should be so chosen that with minimum extrapolation the 
behaviour of any other soil within the range of the varied 


constituents could be predicted. 
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